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The soil-transmitted helminths (STHs) are a group of parasitic worms that infect humans
through contact with eggs or larvae present in the soil (referring to their common name). The
four main STH species that infect humans are Ascaris lumbricoides (roundworm), Trichuris
trichiura (whipworm), Ancylostoma duodenale and Necator americanus (hookworms).
Worldwide, approximately 1.5 billion people are infected with at least one of the four STH
species (Pullan et al., 2014), posing an important burden on public health in the poorest
communities in both tropical and subtropical countries. In 2010, it was estimated that STH
caused 5.2 million disability adjusted life years (DALYs), accounting for 19.8% of the total
disease burden attributed to Neglected Tropical Diseases (NTDs) (Pullan et al., 2014). This
high burden of disease is reflected in decreased work efficiency (Bundy and de Silva, 1998)
among adults, school absenteeism and impaired cognitive development among children
(Jardim-Botelho et al., 2008;Olds et al, 2013) and anemia (Gyorkos et al., 2011;Smith and
Brooker, 2010;Watthanakulpanich et al., 2011) among children and women of child bearing
age, which in turn results in economic liability of the communities. Current efforts to control
the impact of STH infections involve the administration of anthelmintic drugs to high-risk
groups in endemic areas, the so-called mass drug administration (MDA) programs (Haider et
al., 2009;Humphries et al., 2012;Salam et al., 2015;WHO, 2011). The most commonly
administered anthelminthic drugs are albendazole, and mebendazole (Panic et al., 2014).
Since the London Declaration on NTDs (January 2012) there is the political and scientific
commitment to eliminate soil-transmitted helminthaisis as a public health problem (NTD
Paternship, 2012), resulting in a worldwide up-scale in MDA programs, with the ultimate
goal to cover at least 75% of children in need of treatment and to eliminate STH as a public
health problem by 2020.
However, it is essential to identify putative factors (Gabrie et al., 2014) contributing to the
spread of STH infection to further improve the current control strategies, and hence meeting
the ambitious goals set (NTD Paternship, 2012). For example, animals (e.g. dogs and pigs)
also harbor a variety of round-, whip- and hookworms, and there is presumptive evidence that
these animal STHs are transmittable to and can cause patent infections in humans (Anderson,
1995;Arizono et al., 2010;Kaya et al., 2016;Liu et al., 2014;Traub et al., 2002). Although
ignoring animals in the epidemiology of STHs in humans may jeopardize the success of the
MDA programs, it remains unclear to what extent animals contribute to STH infections in
humans. This lack of evidence is mainly due to use of inappropriate diagnostic techniques.
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Traditionally, diagnosis of STHs is based on the microscopic detection of eggs in stool, but
eggs of animal species of round-, whip- and hookworms cannot be differentiated from the
human STHs. To this end, molecular tools are more appropriate, but these tools have been
rarely applied. This PhD dissertation consists of six Chapters. In Chapter 1 a review on the
role of domestic animals in the transmission of STH infections in humans will be presented.
This literature review will focus on the epidemiology, the clinical symptoms, the currently
applied diagnostic techniques, the different control strategies and the role of domestic
animals in the transmission of STH infections in humans. Chapters 2 to 5 describe the
research work designed to gain insights into the role of domestic animals as a reservoir for
zoonotic STH infections in humans. In Chapter 6, our findings are discussed and future work
is proposed.

CHAPTER 1:
The Role of Domestic Animals in the Transmission
of STH Infections in Humans - a Literature Review
Chapter 1
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1. The Epidemiology of Soil-Transmitted Helminths
1.1. Life Cycle
In order to design control measures it is important to understand the lifecycle, biology and
ecology of STH infections (Brooker et al., 2006). Generally, STH infections are transmitted
through contact with soil contaminated with infectious larvae. Once these infectious larvae
have entered the human host, they will develop into adult male or female worms, which
thrive in the intestines. Finally, adult female worms will excrete eggs through the stool. The
eggs excreted in stool are non-infectious, and need to develop on the soil before they can
cause infection, referring to their common name. Despite these common features, important
differences in lifecycle, biology and ecology across the different STH species can be
identified. A comparison of the lifecycle, biology and ecology is provided in Table 1.1. The
different aspects for each of the three STH species will be discussed separately in more detail
in the following paragraphs.
1.1.1. Ascaris
Ascaris is the largest intestinal nematode in humans, commonly referred to as roundworm
due to its morphology: they are cylindrical and tapers at both ends, the anterior end being
thinner than the posterior. They live in the lumen of the small intestine (Kuzu et al., 1996).
The female Ascaris adult worms are larger than the males and can measure 40 cm in length
and 6 mm in diameter (Cross et al, 1996). An Ascaris female adult worm may produce up to
240,000 eggs per day, which are passed in stool by infected individuals (Cross et al, 1996).
After three to several weeks in favorable conditions the fertile eggs embryonate and become
infectious (eggs contain a third stage larva (L3)) in the soil (Podolsky et al, 2016).
Transmission of Ascaris occurs through the oral uptake of these infectious eggs (Figure 1.1.).
Once the eggs are consumed, the larvae hatch and will subsequently invade the intestinal
mucosa. Through the hepatic portal and the systemic circulation they will reach the lungs
(10-14 days post infection; (Podolsky et al, 2016) In the lungs they penetrate the alveolar
walls, and ascend the bronchial tree to the throat, where they are once again swallowed
(Podolsky et al, 2016). Upon reaching the small intestine, they develop into adult worms
(Podolsky et al, 2016), which then can excrete eggs in stool. It takes 6 weeks to complete the
lifecycle (ingestion of the infectious eggs to adult worms excreting eggs in stool). Adult
worms can live more than 1 year (Mark Feldman et al, 2015).
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Figure 1.1. Life cycle of Ascaris lumbricoides (http://www.cdc.gov/)
1.1.2. Trichuris
Trichuris is called as whipworm, derived from the worm's distinctive whip-like shape. The
anterior, which covers three-fifth of the worm, is very thin and hair-like, whereas the
remaining of the worm is thick and stout, resembling the handle of a whip. The adult worms
live in the cecum and ascending colon, where they are embedded in the mucosa with their
anterior part. Similar to Ascaris, the adult females are larger than the males (male: 30-45 mm;
female: 35-50 mm). Female Trichuris worms are significantly less fecund than Ascaris, only
laying 2,000 to 10,000 eggs per day. Similar to Ascaris, infection is caused by ingestion of
infectious Trichuris eggs containing a larva, in casu a first stage larva (L1)). After ingestion
the eggs hatch in the small intestine (Cross et al, 1996). Subsequently, they directly move to
the colon where they burrow into the epithelia and develop into adult whipworm (Figure
1.2.). A study by Hansen et al. found the prepatent period to be around 13–16 weeks (Hansen
et al., 2016). The Trichuris eggs are known to survive in the soil under appropriate conditions
for over 12 years (Jacobs et al, 2015). The life span of the adults is about 1 year (Podolsky et
al, 2016).
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Figure 1.2. Life cycle of Trichuris trichiura (http://www.cdc.gov/)
1.1.3. Hookworm
Hookworms are intestinal parasites that get their name from the hook-like mouthparts they
use to anchor themselves to the lining of the intestinal wall. Hookworms live in the small
intestines. Adult hookworm are grayish white or pinkish. While adult A. duodenale females
measure 10-13 x 0.6mm, males measure 8-11 x 0.4mm. N. americanus has similar
morphology to A. duodenale although they are slightly smaller.
These parasites have a large buccal cavity directed obliquely dorsally, so the anterior end of
the worm is more or less 'hooked'.  Important morphological difference between the two
hookworm species are the mouth parts, A. duodenale possessing two pairs of teeth, and N.
americanus possessing a pair of cutting plates in the buccal capsule (Cross et al, 1996).
Additionally, the hook shape is much more defined in Necator americanus than in
Ancylostoma spp. (Cross et al, 1996).
In contrast to the other two STH species, hookworms are mainly transmitted through the
transcutaneous penetration of L3 larvae. Under favorable conditions a L1 larva will hatch
from the excreted eggs. This development occurs in approximately 2 to 9 days, depending on
temperature and humidity (Cross et al, 1996; Podolsky et al, 2016), and will grow into an
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infectious L3 larva after 5 to 10 days. These infectious larvae can only survive up to 3 to 4
weeks in optimal environmental conditions, which is in sharp contrast to the infectious stages
of the other STH species (up to 11 years) (Cross et al, 1996; Podolsky et al, 2016). On
contact with the human host, the larvae penetrate the skin, and will then be carried through
the blood vessels to the heart and the lungs (Figure 1.3.). In the lungs they will penetrate into
the pulmonary alveoli, ascend through the bronchial tree to the pharynx, where they are
swallowed. The larvae reach the small intestine, where they reside and mature into adults
(Figure 1.3.). Adult worms live in the lumen of the small intestine, where they attach to the
intestinal wall with resultant blood loss by the host. The adult hookworm can survive up to 1
-2 year in the gut.
Figure 1.3. Life cycle of hookworm (http://www.cdc.gov/)
1.2. Prevalence of STH Infections
Globally approximately 1.5 million people are infected with at least one of the four STH
species. The majority of the STH infections are caused by Ascaris, infecting 819 million
people. Trichuris and hookworms infect each about 450 million people (Pullan et al., 2014).
Despite this worldwide distribution, important geographical differences can be noted (See
Figure 1.4). The highest number of STH infections occurs in China and East Asia (40.0 -
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93.0%) (Hotez et al, 2006;Mofid et al., 2011;Naish et al., 2004), the Americas (20.0 -50.0%)
(Pan American Health Organization: Communicable Disease Prevention and Control Project,
2011), and Sub-Saharan Africa (27.0 - 34.0%) (de Silva et al., 2003;Karagiannis-Voules et
al., 2015;Molyneux et al., 2005). Geographical differences can also be noted for the different
STH species separately (Figure 1.5). A. lumbricoides shows the widest distribution among the
three STHs, with the highest rates of infection occurring in Central Sub-Saharan Africa with
an overall prevalence of 21.4%, while the North Africa and Middle East having the lowest
(5.4%). For Trichuris, the highest prevalence was observed in Andean communities in Latin
America (19.6%; Bolivia, Colombia, Ecuador and Peru) while the lowest was seen in Central
Asia (0.1%) and North Africa (1.9%). For hookworms, the highest overall prevalence was
seen in Oceania (47.9%) and the lowest in Central Asia (0.1%) and North Africa (1.0%)
(Pullan et al., 2014).
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Figure 1.4. Distribution of STH infection in humans in 2010. (A) The combined prevalence
of any STH infection (B) The proportion of the global population infected (1.5 billion) per
country (Pullan et al., 2014).
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Figure 1.5. Distribution of hookworm (A), Ascaris lumbricoides (B) and Trichuris trichiura
(C) in 2010 (Pullan et al., 2014).
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Table 1.1. Comparison of the most important differences in morphology and lifecycle between the four STH species (Ascaris lumbricoides, Trichuris trichiura,
Ancylostoma duodenale and Necator americanus) (http://www.cdc.gov; /Paniker, 2007)
A. lumbricoides T. trichiura A. duodenale N. americanus
Morphology
Egg
45-70 μm x 35-45 μm;  round or ovoidal with
thick shell, brown to yellow in appearance
49-65 μm x 20-29 μm; elongated,
barrel-shaped with a colorless polar
'plug' at each end; yellow to brown in
appearance
57-76 μm x 35-47 μm;  oval or ellipsoidal with a thin
shell;  colorless with grayish cells.
Adult 15 - 35 cm 3 - 5 cm 1-1.5 cm
Infectious
stage
Eggs containing L3 larvae Eggs containing L1 larvae L3 larvae
Fecundity
(eggs/day)
+/- 200,000 2000 - 10,000 25,000 - 30,000                          9,000 - 10,000
Route of
transmission
Oral Oral Percutaneous/oral Percutaneous
Usual time to
infectious
stage
2-3 weeks 2-3 weeks 5-10 days
Location of
adult worms in
the host
Small intestine Cecum, appendix and colon Attached to the mucosa of small intestine
Chapter 1
24
2. Burden of STH Infections
STH infection poses an important burden on public health in the poorest communities in both
tropical and subtropical countries. In 2010, it was estimated that STH caused 5.2 million
disability adjusted life years (DALYs), accounting for 19.8% of the total disease burden
attributed to Neglected Tropical Diseases (Pullan et al., 2014). The burden of STH infection
is usually related to chronic morbidity in the host rather than mortality (Stephenson et al.,
2000;Stoltzfus et al., 1997). The mortality rate due to STH infections does not exceed 0.01%
(Hotez et al., 2006). Children and women at childbearing age suffer the most; stunted growth,
obstruction, intellectual and cognitive deficits being the most important consequences of
chronic STH infections in children and anemia in women of childbearing age (Bethony et al.,
2006). The burden of STH infections also depends on the intensity of infections. However,
important differences in morbidity can be observed both between and within STH species.
Variation in burden between STH species can largely be explained by both the lifecycle and
biology of the worms i) The pathogenic effect in relation to anemia is highest for hookworms
followed by Trichuris and Ascaris. In addition, studies have found pathogenicity to vary
between the two human hookworm species (Loukas and Prociv, 2001a). This is because,
Ancylostoma has two pair of chitinous teeth while N. americanus' buccal cavity are fitted
with cutting plates, giving the former an upper hand when it comes to their habitual blood
sucking behavior. A. duodenale infection results in higher blood loss (0.2 vs. 0.05
ml/worm/day) (Loukas and Prociv, 2001a). ii) being the largest intestinal nematode in
humans, Ascaris can cause obstruction of lumen of small intestine, where they are known to
live. The most frequent cause of bowel obstruction is when multiple Ascaris worms form a
large mass in the small intestine, which lead to obstruction of the bowel causing
intussusception (Villamizar et al., 1996). iii) as adult Trichuris live in the cecum, in children
with heavy Tirhcuris infection, rectal bleeding and rectal prolapse tend to be common (Getz
et al, 1945;Khuroo and Khuroo, 2010). iv) migration through lungs in case of Ascaris and
hookworm and itchy rash in case of transcutaneous infection by hookworms. Furthermore,
variation in burden of disease within STH species is mainly due to differences in the intensity
of infections, the burden being the highest when infection are of heavy intensity. Depending
on the number of eggs shed by an infected individual, the intensity of infection is classified
into mild, moderate and heavy (WHO, 1987) (Table 1.2.).
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Table 1.2. Classification of intensity of infection based on the number of eggs shed in a gram
of feces.
Mild infections Moderate infection Heavy infections
A. lumbricoides 1 - 4,999 EPG 5,000 - 49,999 EPG ≥ 50,000 EPG
T. trichiura 1 - 999 EPG 1,000 - 9,999 EPG ≥ 10,000 EPG
Hookworms 1 - 1,999 EPG 2,000 - 3,999 EPG ≥ 4,000 EPG
Mild infections are generally asymptomatic, but when the parasite burden is larger, there can
be abdominal discomfort, colic, diarrhea, and vomiting (Selendy et al, 2011). In case of
Ascaris, the most serious complications in children include intestinal obstruction by a large
mass of parasites, obstruction of the pancreatic duct, and complications resulting from the
aberrant migration of adult parasites to various organs (Ramareddy et al., 2012;Yetim et al.,
2009), which may ultimately lead to death. Large numbers of Ascaris worms in the intestines
can cause stunted development in children (Kightlinger et al., 1996).
T. trichiura infections are mostly asymptomatic. Only in cases of moderate to heavy intensity
infections, symptoms such as, abdominal pain, bloody diarrhea and tenesmus are observed
(Hsieh and Chen, 1973;Hung et al., 1995;Ungar et al., 1986;Yoshida et al., 1996). In very
heavy infections in children (hundreds or thousands of parasite eggs), there can be strong
tenesmus resulting in rectal prolapse (Vasquez et al., 1997).
For hookworm infection, the clinical symptoms include anemia, abdominal pain, intestinal
cramps, nausea, fever, blood in stool, loss in appetite and itchy rash. Anemia is mostly
associated with moderate and heavy hookworm infection (Layrisse and Roche, 1964), in both
school-aged children and adults. Due to the ability of adult hookworm to attach to the
intestinal villi using its buccal cavity, it can cause considerable amount of blood loss (Cross
et al, 1996). Respiratory symptoms may occur during pulmonary migration of the larvae. The
blood loss in the stools is occult and not visibly apparent resulting in chronic anemia
(Crompton and Whitehead, 1993). Chronic protein loss can result in hypoproteinaemia and
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anasarca (widespread swelling of the skin due to effusion of fluid into the extracellular space)
(Saraya et al., 1970;Variyam and Banwell, 1982).
3. Laboratory Diagnostic Techniques for the Detection of Soil-Transmitted Helminths
The current means to diagnose STH infections is microscopic demonstration and
quantification of eggs in stool. A variety of microscopic techniques have been applied over
the last decades, which differ in (i) principle of demonstrating eggs, (ii) sensitivity, (iii)
ability to provide accurate egg counts (quantitative vs. qualitative techniques), (iv) user-
friendliness, and (v) equipment requirements. In the following paragraphs we will discuss the
most commonly applied microscopic diagnostic techniques in more detail, differentiating
qualitative from quantitative techniques. In addition, we will highlight some molecular
techniques that are receiving increased attention. Finally, important notes on the sample
collection and processing are made.
3.1. Microscopic Techniques
One can grossly classify the microscopic techniques into two groups, qualitative and
quantitative techniques. The qualitative techniques can be used to determine the absence or
presence of parasites, but they provide unreliable estimates of the egg excretion expressed,
the so called fecal egg counts (FECs; expressed as eggs per gram of stool (EPG)). This is in
contrast with quantitative techniques that provide accurate FECs. The latter techniques being
important to determine the intensity of infections (see Table 1.2.). In addition, they are also
essential to determine the efficacy of anthelminthic drugs by means of reduction in egg
excretion after treatment (WHO, 2013). Important qualitative techniques are the saline wet
mount smear and the formol-ether concentration method; important quantitative techniques
are Kato-Katz thick smear, McMaster and (Mini-)FLOTAC. However, the sensitivity of
microscopic technique has always been a cause of concern. In a meta-analysis Nikolay et al.
compared the sensitivity and quantitative performance of the commonly used coprological-
microscopic diagnostic methods for STH, namely direct microscopy, formol-ether
concentration, Kato-Katz, McMaster, FLOTAC and Mini-FLOTAC. This study employed the
Bayesian latent class analysis to estimate the true, unobserved sensitivity of compared
diagnostic tests for each of the different STH species. Table 1.3. consolidates sensitivity
estimates for selected diagnostic methods by helminth species (Nikolay et al., 2014).
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Table 1.3. Sensitivity estimates for selected diagnostic methods by helminth species (Nikolay
et al., 2014).
Number of comparisons
methods
Ascaris lumbricoides
(%)
Trichuris trichiura
(%)
Hookworm
(%)
Direct microscopy 52.1 62.8 42.8
Formol-ether concentration 56.9 81.2 53.0
Kato-Katz 63.8 82.2 59.5
McMaster 61.1 81.8 58.9
FLOTAC 79.7 91.0 92.4
Mini-FLOTAC 75.5 76.2 79.2
3.1.1. Qualitative Techniques
3.1.1.1 Wet Mount Smear
The saline wet mount smear is a commonly applied procedure for rapid screening of parasites
in stool. The saline wet mount was performed on stool as described in the laboratory manual
by WHO (WHO, 1991). In short, a drop of saline is placed on a glass slide. Using an
applicator stick, the stool sample is mixed well and a small portion is applied on to the drop
on the glass slide. The portion of glass slide containing the stool is then covered with a cover
slip. The entire cover slip is then examined under a microscope (10X) for the presence of any
STH. The simplicity of the method and the wide spectrum of parasites that can be detected
(protozoa and worms) are important advantages of the technique. The poor sensitivity,
however, is a major shortcoming of the technique. Based on a meta-analysis of the diagnostic
performance of microscopic techniques the sensitivity of wet mount smear ranged from
42.8% for hookworms to 62.8% for T. trichiura (Nikolay et al., 2014). This lack of sensitivity
is mainly due to the small amount of stool that is examined. Although the direct wet mount
on preserved specimens has been recommended (Melvin and Smith, 1979), others have
shown that wet mount from preserved material are less valuable. Therefore many laboratories
have eliminated the use of wet mount preparation and favored use of concentration
procedures.
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3.1.1.2. The Formol-Ether Concentration Method
The formol-ether concentration method is probably the most commonly applied method
worldwide for the detection of parasites in stool, protozoa in particular. It is based on (i)
separating fat soluble particles in ether from water soluble in formol, and (ii) concentrating
the parasites in a sediment by centrifugation in a test tube, resulting in four layers (from top
to bottom): ether containing the fat-soluble particles, plug of debris, formol containing the
water-soluble particles and the sediment containing the parasites (Figure 1.6.). The extraction
of fat particles is a major advantage for the diagnosis of protozoa, as fat particles resembles
the protozoa and hence may result in false positive test results. Concentrating of the parasites
in a small volume and removing debris allows screening more stool (up to 1 g). The latter
results in an increased diagnostic performance, the sensitivity not lower than 50% for all
three STH species (see Table 1.3.).
Figure 1.6. Formol-ether concentration method showing different layers
(https://microbeonline.com/formal-ether-sedimentation-techniques/)
In the past, the concern with storage and use of ether (potentially flammable and explosive
material), and formol (toxic) in the laboratory has led to the use of other solutions such as
ethyl acetate and acetic acid respectively. This change in solutions revealed to not affecting
the diagnostic performance (Truant et al., 1981;Young et al., 1979).
3.1.2. Quantitative Techniques
3.1.2.1. Kato-Katz Thick-Smear Technique
In 1954, Kato and Miura introduced a thick-smear technique for fecal examination (Kato K,
1954). Soon thereafter, Katz modified and adapted this technique for use in field studies
(Katz et al., 1972). This method was adopted by World Health Organization (WHO) (WHO,
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1993) for both the quantitative and qualitative diagnosis of STHs. To date, the Kato-Katz
smear is the bench-mark diagnostic of STH for the WHO. One of the main reasons for this
recommendation is the simplicity of the technique and the ability to screen both STH and
Schistosoma spp. (S. mansoni and S. japonicum), other important NTDs. In short, small
amount of stool sample is taken and placed on a paper. A nylon screen is pressed on top of
the sample. A plastic template (Figure 1.7.) with a whole is placed on a microscopic slide,
subsequently stool strained through the nylon screen is scraped from the nylon screen using a
applicator and transferred to the whole of the template until it is completely filled (the
volume corresponds with approximately 1/24 of a gram). After the removal of the template, a
piece of the cellophane, which has been soaked in overnight in methylene blue glycerol
solution, is placed on the fecal sample. The glycerol will clear the smear, whereas the
methylene blue provides stains sample, facilitating the examination of the slides. A clean
slide is placed over the top and pressed downwards to evenly spread the feces in a circle. The
slides need to be examined between 30 – 60 min. This time frame is important to avoid over
clearance of the hookworms, which may result in false negative test results. The FECs are
obtained by multiplying the number of eggs by 24. A tutorial for performing the Kato-Katz is
made available at https://www.youtube.com/watch?v=WpcZejHa_jM. In average it takes
around 9 min to process a Kato-Katz thick smears (Speich et al., 2010). The sensitivity of a
single Kato-Katz thick smears ranges from 59.5% for hookworms to 82.2% for Ascaris.
Processing multiple smears per sample and/or examining multiple samples over consecutive
days can increase the sensitivity of the Kato-Katz thick smear (Nikolay et al., 2014). For
example, processing another smear on the sample increases the sensitivity from 59.5% to
63.0% for hookworms, examining a second stool sample further increases the sensitivity to
74.2% (Nikolay et al., 2014). This increased sampling and examination efforts, however,
does not affect the accuracy of the intensity of infections (measured as EPGs; (Levecke et al.,
2014a)). A major disadvantage of the Kato-Katz thick smear has been the restriction of its
application to fresh specimens only or to those refrigerated for a relatively short period of
time. In addition, the amount of stool examined is volumetrically measured, as consequence
of this the multiplication factor may not always be equal 24 as density of stool varies across
both between and within subjects (Teesdale et al., 1985).
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Figure 1.7. Kato-Katz kit used for the detection and enumeration of helminth eggs
3.1.2.2. McMaster Egg Counting Technique
The McMaster egg counting technique (McMaster) is widely used technique for
quantification of gastro-intestinal parasite infections in livestock (Ministry of Agriculture,
1986), but has also found application to quantify intensity of STH infections and to assess the
efficacy of anthelminthic drugs against these parasites (Levecke et al., 2011b;Levecke et al.,
2014a;Levecke et al., 2014b;Vercruysse et al., 2011b). In contrast to the Kato-Katz
technique, the McMaster is based on the flotation of the eggs in a counting chamber (the
McMaster slides; Figure 1.8.). In short, two grams of stool is suspended in 30 ml of flotation
solution (the recommended flotation solution for STH is saturated salt solution at room
temperature, density ~ 1.20) (Levecke et al., 2011a). The fecal suspension is strained through
a wire mesh to remove large debris. Then, aliquots are added to each of the two chambers of
a McMaster slide. Finally, the eggs under de grids of both chambers (representing a column
of 0.3 ml) were examined under a light microscope and the FEC, expressed as EPG for each
STH helminth species, are obtained by multiplying the total number of eggs by 50. A tutorial
for performing the McMaster egg counting method is made available at
http://www.youtube.com/watch?v=UZ8tzswA3tc. Compared to Kato-Katz thick smear, five
important differences can be noted. First, a large stool sample is sampled (2 gram vs. 1/24
gram) and homogenized in a liquid phase smear. This procedure is preferred, as eggs are not
equally distributed within a stool sample (Levecke et al., 2011b;Sinniah et al, 1982;Ye et al.,
1997), resulting in more representative egg counts. Second, the microscopic view is much
more clear when processing samples with the McMaster technique, as large debris will not
always float. Third, a grid on the McMaster slides further minimizes the variation in egg
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counts across independent readers. Fourth, McMaster is slightly less sensitive than Kato-Katz
(Ascaris: 63.6% vs. 61.1% Trichuris: 82.2% vs. 81.8% hookworm: 59.5% vs. 58.9%)
(Nikolay et al., 2014). Finally, the mean Ascaris egg counts based on Kato-Katz are
significantly higher than for McMaster, for the remaining STHs the mean egg counts are very
much comparable (Nikolay et al., 2014). This STH species-specific difference in mean FECs,
may be due to the presence of unfertilized eggs, which are heavier and hence may not float in
the McMaster slides (Levecke et al., 2011a). It is estimated that takes approximately 6 min to
process a McMaster slide (Levecke et al., 2009a) Van Den Putte et al., 2016; Mekonnen et
al., unpublished data).
Figure 1.8. McMaster egg counting kit and chamber for the detection and enumeration of
helminth eggs
3.1.2.3. (Mini-)FLOTAC Method
Both FLOTAC and mini-FLOTAC have only been developed recently by G. Cringoli
(University of Napel Frederico II, Italy). Both techniques are based on the flotation of eggs,
followed by the translation of the apical portion of this suspension (containing the eggs) using
the FLOTAC and Mini-FLOTAC apparatus (Cringoli et al., 2013;Cringoli et al., 2010)
(Figure 1.9.). In contrast to most of the other techniques, these apparatus allow examining
1/10 (Mini-FLOTAC) and 1 g of stool (FLOTAC vs. Kato-Katz thick smear 1/24 gram and
McMaster 1/50 g), which explains their superiority in terms of sensitivity (Levecke et al.,
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2009a;Nikolay et al., 2014;Torgerson et al., 2012). The sensitivity for FLOTAC is estimated
to be 79.7%, 91.0% and 92.4% for Ascaris, Trichuris and hookworms respectively (Nikolay
et al., 2014). For Mini-FLOTAC these numbers are 75.5% (Ascaris), 76.2%, (Trichuris) and
79.2% (hookworms) (Nikolay et al., 2014). However, FLOTAC technique remains a time and
labor-intensive technique requiring a minimum of laboratory equipment (one needs to
complete 11 consecutive steps, including two centrifugation steps), which impedes its
application in large-scale drug administration programs. For example, it is estimated that the
examination of one stool sample with the FLOTAC technique requires approximately 26 min
(Speich et al., 2010). As a response to this, G. Cringoli and group have simplified the
FLOTAC apparatus and reduced the number of steps to process stool samples to a total of six
(excluding the 2 centrifugation steps), resulting in the Mini-FLOTAC technique (Cringoli et
al., 2013). To this end, he also introduced the Fill-FLOTAC. This devise allows to
homogenize and filter the stool suspension, and to fill the Mini-FLOTAC apparatus, and
hence combining different steps and excluding the need for additional equipment (Cringoli et
al., 2013). A tutorial on how to perform a Mini-FLOTAC can be found at
https://www.youtube.com/watch?v=65Ch9PZvfxI. It takes approximately 12 min to process
one stool sample Mini-FLOTAC (Barda et al., 2015). Similarly to McMaster, the microscopic
view is clear and the grids on the apparatuses guide the readers. Mean FECs for both Ascaris
and hookworms are significantly lower compared to those obtained when Kato-Katz thick
smear is applied (Nikolay et al., 2014). The impact of preservation on the diagnostic
performance is well studied for both FLOTAC (Speich et al., 2010) and mini-FLOTAC
(Barda et al., 2015;Barda et al., 2013a), indicating that one cannot endlessly post pone the
examination of stool samples.
Chapter 1
33
Figure 1.9. Fill-FLOTAC and Mini-FLOTAC kit for the enumeration of helminth eggs
(Barda et al., 2013b)
In addition, to the different microscopic based diagnostic techniques, a variety of precautions
on the sample collection and processing can be taken to increase the diagnostic performance
or to postpone the examination when samples cannot immediately examined. However it is
important to note that the samples storage requires optimal temperature to keep the egg intact
(Krauth et al., 2012). Moreover the sensitivity of each of these diagnostic techniques vary
depending on various factors such as type of parasite, intensity of infection and number of
samples. Sensitivity can greatly increase if multiple samples are screened from the same
individual (Kang et al., 1998;Speich et al., 2015), yet not necessary the mean EPG at
community level (Levecke et al., 2014a).
3.2. Molecular Techniques
Despite the clear benefit of screening of stool samples with a minimum of infrastructure and
human capacity with the aforementioned, there has been an increased interest towards
molecular techniques (McCarthy et al., 2012;Traub et al., 2008;Traub et al., 2004b;van Mens
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et al., 2013;Wang et al., 2012). The main rationale for these molecular techniques is the
apparent lack of sensitivity of the microscopic techniques (none of the microscopic
techniques shows a sensitivity of more than 93%) (Nikolay et al., 2014). Other reasons put
forward are the ability of (i) screening a wide spectrum of pathogens in stool, including but
not limited to parasites (Cimino et al., 2015;Llewellyn et al., 2016;Traub et al., 2003); (ii)
speciating the different STH species, (Cimino et al., 2015;Ngui et al., 2012b;Nissen et al.,
2012) and (iii) detecting early development of anthelminthic resistance in STH (Demeler et
al., 2013;Hoti et al., 2009).
The majority of the molecular techniques are using PCR that targets the conserved Internal
Transcribed Spacer (ITS) 1, 2 and 18s region of the worms (de Gruijter et al., 2005;Leles et
al., 2008;Leles et al., 2009;Ngui et al., 2012a;Phuphisut et al., 2014;Sato et al., 2010). Other
targets are the mitochondrially encoded cytochrome c oxidase I (Betson et al., 2014;Ngui et
al., 2013), 16s and 18s rRNA(Areekul et al, 2010). Indeed, the majority of recent studies
confirm the superior sensitivity of molecular techniques (e.g. qPCR; (Cimino et al.,
2015;Ngui et al., 2012b;Pilotte et al., 2016;Verweij et al., 2007) and a clear correlations
between FECs obtained through microscopic examination and qPCR outputs (Ct or amount
of DNA; (Cimino et al., 2015)). However, studies also indicate some important challenges.
Beyond the obvious need for better equipped and staffed laboratories, studies are highlighting
that DNA is not always detected by molecular techniques in microscopic positive samples.
For example, a study by Traub et al. failed to pick two percent microscopic stool samples by
PCR (Traub et al., 2004b). Speciation of STHs focused initially on Ascaris spp. (Zhu et al.,
1999), followed by hookworms (Traub et al., 2003;Traub et al., 2004b) and Trichuris spp.
(Areekul et al, 2010). A variety of approaches have been applied ranging from PCR
sequencing to species-specific qPCRs. Table 1.4. provide an overview of the different
molecular approaches for different STH species.
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Table 1.4. The STH species under examination, target genes for the molecular detection and
various molecular method available
STH Target Region Molecular Method Reference
Ascaris ITS 1,2 & 5.8s, cox1 PCR (Peng et al., 2005)
PCR-RFLP (Zhu et al., 1999)
Real-time PCR (Pecson et al., 2006)
Multiplex PCR (Carlsgart et al., 2009)
Pyrosequencing (Diawara et al., 2009)
Trichuris ITS 1,2 & 5.8s; 18s rRNA
PCR (Areekul et al, 2010)
PCR-RFLP (Meekums et al., 2015)
Real-time PCR (Basuni et al., 2011)
Multiplex PCR (Basuni et al., 2011)
Pyrosequencing (Diawara et al., 2009)
Hookworm ITS 1,2 & 5.8s; cox1; 16s
PCR (Ngui et al., 2013)
PCR-RFLP (Ng-Nguyen et al.,
2015;Traub et al., 2004b)
Real-time PCR (Ngui et al., 2012b)
Multiplex PCR (Llewellyn et al., 2016)
Pyrosequencing (Cantacessi et al., 2014)
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4. Control and Preventive Strategies against Soil-Transmitted Helminthiasis
WHO has recommended three necessary interventional strategies to control morbidity due to
STH infections. The first is the regular administration of anthelminthic drugs to high-risk
groups (MDA programs). The second is the imparting of health education. The third is the
promotion of proper water, sanitation and hygiene practice. In the following sections we will
discuss each of these three interventions in more detail.
4.1. Mass Drug Administration programs
The primary approach for control of infection is by regular administration of drugs in areas
where infections are highly transmitted, where resources for disease control are limited, and
where funding for sanitation is insufficient (Johnston et al., 2015). The WHO recommended
anthelminthic drugs are either albendazole (1 x 400 mg) or mebendazole (1 x 500 mg).
Currently, it is recommended to have school-based deworming and where possible include
other groups at risk, such as pre-school aged children and women of childbearing age (WHO,
2011). The frequency of treatment depends on the prevalence of any STH species. If the
prevalence is more than 50%, WHO recommends to treat all school-age children twice a year.
If the prevalence is between 20% and 50% it is recommended to treat once year (WHO,
2011). If the prevalence is below 20%, MDA is not recommended (WHO, 2011). In 2014,
approximately 46.9% children in need of treatment have been covered, which is still far away
from the ultimate goal of 75% by 2020 (WHO, 2016a). Recently, this school based
deworming as a main strategy has received increased criticism. First, although this strategy
may be successful in the long run for Ascaris and Trichuris, as majority of these infections
are observed in school children, this may not be the case for hookworms. As illustrated in
Figure 1.10., hookworm infections are predominantly observed found in the adult population
,and hence the section of the community that is excreting most of the hookworm eggs are
ignored (Anderson et al., 2015).
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Figure 1.10. Histogram representing the mean intensity of infection in different age
groupings for each of the STH species from different geographical locations. A. lumbricoides
(A) - India, T. trichiura (B) - Saint Lucia, and hookworm (C) - Zimbabwe. Blue represents
pre-school age children; red represents school aged children and orange represents the adult
population. Courtesy - (Anderson et al., 2015).
Second, none of the  drugs used reaches 100% efficacy (Levecke et al., 2014b;Vercruysse et
al., 2011a;Vercruysse et al., 2011b), drugs being highly to moderately efficacious against
Ascaris, and hookworms, but showing poor efficacy against T. trichiura. Although studies
have shown that multiple doses over consecutive days are more beneficial (Pungpark et al.,
1984;Taylor et al., 2001), this may have some important logistic consequences. More recently
combining albendazole with ivermectine (Knopp et al., 2010) or oxantel (Speich et al.,
2014;Speich et al., 2016), have proven to be promising alternatives to increase the efficacy
against STH infections. Third, re-infection is the rule rather than the exception, this is
particularly due to survival of infectious stages in the environment and the absence of any
persistent efficacy of the benzimidazole drugs ((Hall et al., 1992;Hotez et al., 2006;Zheng et
al., 2009) The re-infection rate is nicely illustrated by a systemic review by Jia and colleagues
(Jia et al., 2012). This study indicated that after 12 months post treatment the prevalence
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reached 94%, 82% and 57% of the pre-treatment levels for Ascaris, Trichuris and hookworm
respectively (Jia et al., 2012). Therefore it is important to complement MDA programs with
better health education and improved access to safe water and sanitation, improved hygienic
behavior and (WHO, 2001).
4.2. Health Education and Disease Awareness
The primary aim of health education is to improve health by creating awareness of the cause,
the transmission and the burden of disease. STHs is associated with poverty and illiteracy
(Mehraj et al., 2008), hence the lack of knowledge could have an effect on overall health and
cause further economic crisis, by increased burden of the infection due to repeated exposure.
In such communities, providing information about the disease results in an increase in
knowledge and the possible adoption of preventive measures which in turn reduces the
transmission of infections. Interestingly, the common challenge is to bring the necessary
behavioral changes in the community (O'Cathain et al., 2002). A study by Al-Delaimy et al.
in Malaysia found that inclusion of a health education-learning package about STH
infections, had a significant impact in terms of reducing the intensity/severity of all three
main STH infections (Al-Delaimy et al., 2014). In this study a total of 317 children were
screened for STH, treated with albendazole for three days and then followed up for the next
6 months. In addition, in this study teachers, parents and children were assessed with regard
to their towards knowledge on STH infections both at baseline and after 3 months (Al-
Delaimy et al., 2014). The study participants were divided into control group and intervention
group. In the intervention group, the study participants were educated on STH using various
visual and interactive means of communication. After 6 months, the intensity of Ascaris,
Trichuris and hookworm infections were reduced by 43.4%, 38.7% and 71.0% respectively
among the intervention group, compared to 10.2%, 19.3% and 5.6% respectively among the
control group (Al-Delaimy et al., 2014). A higher drop in hookworm could be attributed to
the fact that all in the intervention arm received a pair of slipper as part of their HELP
package preventing the primary mode of hookworm infection. Similar results were observed
in a trial carried out on 1,089 school going children in Peruvian Amazon (Gyorkos et al.,
2013). These children were split into two arms - control and interventional arm. The
interventional arm received, an daily hour activity on health hygiene and sanitation. The
study found that A. lumbricoides infection in the interventional arm was significantly lower
up on follow-up. The study concluded that the intervention program was effective in
increasing STH knowledge and in infection (Gyorkos et al., 2013).
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These studies indicate that it is reasonable to include health education in all STH-control
programs, in which health education message can be provided in a simple and inexpensive
way. Health education messages delivered by teachers in schools, can nurture changes in
health-related behavior of children. This change can further bring a ripple effect in the
community by involving parents and guardians too (Albonico et al., 2006;Guanghan et al.,
2000).
4.3. Water, Sanitation and Hygiene (WASH)
Given the lifecycles of the different STH species it is not unexpected that environmental
factors such as water supply, sanitation and housing conditions play an important role in
disease transmission. However, there are not many studies done demonstrating the benefits of
school/community-based WASH programs on infection with STH. A systematic review and
meta-analysis conducted to examine the associations of improved WASH on infection with
STH found positive association (Strunz et al., 2014). The meta-analysis revealed a close to
33% reduction in the odds of acquiring an STH infection with WASH practices. The study
also showed that wearing shoes, hand-washing before eating and after defecating, use of soap
to clean hands all reduced the odds of STH infection (Strunz et al., 2014). Although most of
the studies on WASH and STH infection have focused on sanitation, few studies have shown
that  consumption of clean water and hygiene to play a significant role as well in overall
reduction in STH infection (Strunz et al., 2014).
For example, a study done in Kenya in 2012, enrolled both pre-school aged children and
school aged children to identify the WASH factors associated with STH infections (Worrell
et al., 2016). The study using structured household questionnaire, conducted environmental
assessments for WASH. The study found that STH infection was significantly associated
with a household toilet located off-premises. The study also found that usage of treated water,
covering drinking water and clean towels had a protective effect against STH infection. The
study concluded that WASH interventions should be considered to see a long term sustained
effect of the current deworming activities (Worrell et al., 2016).
However one must understand that the effect of improved sanitation against STH infection
could take decades to attain a measurable impact and the sanitation does not become effective
until it covers a high percentage of the population (Asaolu and Ofoezie, 2003). The use of
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latrines and promoting personal hygiene measures such as washing hands and proper food
preparation can lead to reduction in STH infection, which further regulates the contamination
of soil by stool.
A cross-sectional study by Echazu et al., study, conducted in Salta province, Argentina found
that unimproved sanitation was significantly associated with increased risk of STH infection
with an odds ratio of 9.9 associated with cutaneous larval migrans (Echazu et al., 2015).
Similarly, the study found that lack of clean drinking water was significantly associated with
greater odds of orally-ingesting STH (odds ratio of 2.2) (Echazu et al., 2015).
In the West Indies, it was observed that only predictor of re-infection was the type of human
waste-disposal facility, showing that the prevalence of STH infections was significantly low
in areas with improved sanitation (Henry et al, 1988). These findings were supported by the
results obtained in the urban slums of Bangladesh (Henry et al., 1993), in the plantation
sector of Sri Lanka (Sorensen et al., 1994), and in a study in Brazil (Moraes et al., 2004),
suggesting that proper sewage and drainage could have significant impact on STH infections.
However, in Zimbabwe, despite the marked increase in the number of latrines, no relationship
was found between hookworm re-infection intensities and the availability of latrines in
individual farms (Bradley et al., 1993). A study in the Senegal (Sow et al., 2004) also
demonstrated that, despite of high coverage of provision of latrines, the majority of the
children in a village were reported to defecate elsewhere.
5. Role of domestic animals in Human STH Infections
A variety of STH species have been described in animals, including both companion animals
and livestock. In the present document we will focus on those animal STH species for which
there is presumptive evidence that they are transmissible to and can cause disease in humans.
These animal STH species include the roundworm Ascaris suum, the whipworms Trichuris
suis and T. vulpis, and the hookworms Ancylostoma caninum, A. brazilienze, A. ceylanicum
and A. tubaeforme. Table 1.5. summarizes the different STH species and their corresponding
hosts.
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Table 1.5. The most important human and potentially zoonotic STH species and their natural
host
Parasite Major host
Roundworm
Ascaris
A. lumbricoides Humans / non-human primates
A. suum Swine
Whipworm
Trichuris
T. trichiura Humans / non-human primates
T. vulpis Dogs
T. suis Swine
Hookworms
Ancylostoma
A. duodenale Humans / non-human primates
A. caninum Dogs, foxes and humans
A. brazilienze
Dogs, cats, foxes and humans
A. ceylanicum
A. tubeformae Cats and dogs
Necator americanus Humans / non-human primates
Humans get infected with zoonotic STHs very similarly as they do with human STH species,
namely when they are exposed to infectious eggs or larvae of animal STH species. The
transmission of the infection occurs due to the consumption of drinking water contaminated
with animal feces, crops which have been fertilized using manure, poor personal hygiene and
close proximity with infected animals (Traversa et al., 2014). Play habits of children and their
attraction to pets put them at higher risk for  acquiring infection from  these zoonotic
parasites than adults (Robinson and Dalton, 2009). However, adults who are farmers
(agricultural farmers where they use sewage water for cultivation, pig farmers. etc.) are
equally susceptible to acquiring such zoonotic infections.
Chapter 1
42
The relatively high prevalence of STH infections in dogs and pigs (see following sections),
and the large animal populations worldwide may further facilitate zoonotic transmission. For
example, it has been estimated that the dog population worldwide is up to 500 million (Matter
et al, 2000). Table 1.6.summarizes the population of dogs (number of dogs per hundred
people) for STH endemic countries, indicating dog population ranging from a few up to 33
per hundred people. According to the Food and Agriculture Organization (FAO) of the
United Nations, the global swine population is estimated to be over 900 million. The
distribution of swine population in comparison to the human population across a selection of
countries across the different continents is summarized in Table 1.7. Note that there is a high
population ratio of swine to human in the Americas followed by Europe and Asia. It is also
observed that Africa has notably less, and this might be due to the reduced consumption of
pork meat based on cultural or religious grounds. In the following sections, we will first
discuss the STH infections in animals, with emphasizes on pigs and dogs. Subsequently we
will review the current evidence of zoonotic transmission. We will end this section, by
highlighting the consequences of zoonotic transmission on the control of STH infections in
humans.
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Table 1.6. The number of dogs per hundred people in a selected number of STH endemic
countries
Country Dogs/100 people Reference
Asia
Sri Lanka – Mirgawa 17.5 (Matter et al., 2000)
Indonesia 6.3 (WHO 1998)
Bali 19.2 (Peacock et al, 2005)
Nepal – Katmandu 21.3 (Kato et al., 2003)
Philippines - Sorsogo Province 26.3 (Childs et al., 1998)
Thailand 14.9 (Mitmoonpitak et al., 1998)
Africa
South Africa 17.4 (Odendaal et al, 1994)
Zimbabwe 15.4 (Brooks et al, 1990)
Tanzania - Serengeti District 15.8 (Cleaveland et al., 2003)
Kenya - Machakos District 13.0 (Kitala et al., 2001)
Zambia 14.9 (DeBalogh et al, 1993)
America
Argentina - La Pampa 18.3 (Larrieu et al, 1990)
Mexico 14.3-33.6 (WHO 1998)
Mexico – Hermasillo 12.5 (Eng et al, 1993)
Peru – Pacoraos 16.7 (Moro et al., 2005)
Bolivia - Santa Cruz 25.0 (Widdowson et al, 2000)
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Table 1.7. The number of pigs per 100 people based on the estimated pig (FAO, 2002) and
human population (U.N, 2015)
Country Number of Pigs Number of humans Number of
pigs/100 people
America
Argentina 4,250,000 43,590,400 9.7
Chile 2,750,000 18,191,900 15.1
Bolivia 2,850,547 10,985,059 25.9
Colombia 2,350,000 48,596,400 4.8
Peru 2,800,000 31,488,700 8.9
Canada 14,367,100 36,048,521 39.9
U.S.A 59,138,000 323,171,000 18.3
Brazil 30,000,000 205,862,000 14.6
Africa
Nigeria 5,100,000 186,988,000 2.7
Egypt 29,500 90,708,200 0.0
Uganda 1,550,000 34,856,813 4.4
Ethiopia 25,000 92,206,005 0.0
Cameroon 1,350,000 23,924,000 5.6
Somalia 4,000 11,079,000 0.0
Algeria 5,700 40,400,000 0.0
Tanzania 450,000 55,155,000 0.8
Europe
Denmark 12,990,000 5,707,251 227.6
Finland 1,300,000 5,491,290 23.7
France 14,800,000 64,543,000 22.9
Germany 25,957,760 81,459,000 31.9
Oceania
Australia 2,763,000 24,044,000 11.5
New Zealand 358,068 4,676,130 7.7
Asia
Myanmar 4,498,000 54,363,000 8.3
Syria 770 18,564,000 0.0
Sri Lanka 68,300 20,966,000 0.3
India 17,500,000 1,286,800,000 1.4
China, Taiwan 7,165,000 23,361,147 30.7
China, Main 45,74,30,000 1,375,740,000 33.2
5.1.  Ascariasis
5.1.1. Ascariasis in Animals
A. suum is the most prevalent helminth species in swine (Roepstorff et al, 1998;Roepstorff
and Jorsal, 1989). Studies have reported prevalence from to 5.2% in China (Weng et al.,
2005) to 55% in Brazil (da Silva and Muller, 2013). Table 1.8. summarizes the prevalence of
Ascaris infections in pigs.
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Table 1.8. Prevalence of Ascaris suum infections in swine
Country
Sample
size
Place of
sample
collection
Diagnostic method
Ascaris
(%) Reference
Asia
India 496
Slaughter
house
Demonstration of worms
51.6
(Yadav et al.,
1989)
Korea 136 Farm Demonstration of eggs in stool 17.6 (Ismail et al., 2010)
China 116 Outdoor Demonstration of eggs in stool 36.7 (Boes et al., 2000)
China 3,636 Farm Demonstration of eggs in stool 5.2 (Weng et al., 2005)
China 2,971 Farm Demonstration of eggs in stool 12.2 (Lai et al., 2011)
India 5,511
Farm and
Outdoor
Demonstration of eggs in stool
65.5 (Laha. et al., 2014)
Americas
Brazil 40 Slaughterhouse
Demonstration of worms
55.0
(da Silva and
Muller, 2013)
Canada 2,500 Slaughterhouse
Demonstration of worms
37.0
(Polley and
Mostert, 1980)
U.S.A 975 Farm
Demonstration of eggs in stool
53.0
(Morris et al.,
1984)
Africa
Ethiopia 384 Farm Demonstration of eggs in stool 4.9 (Jufare et al., 2015)
Uganda 106 Domestic
Demonstration of eggs in stool
40.0
(Nissen et al.,
2011)
South
Africa
52 Slaughterhouse
Demonstration of worms
19.2 (Horak et al, 1978)
Kenya 115 Farm
Demonstration of eggs in stool
28.7
(Nganga et al.,
2008)
Burkina
Faso
383 Farm
Demonstration of eggs in stool
40.0
(Tamboura et al.,
2006)
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Table 1.8. (contd.). Prevalence of Ascaris suum infections in swine
Country
Sample
size
Place of
sample
collection
Diagnostic
method
Ascaris
suum (%) Reference
Africa
Ghana 259
Outdoor Demonstration of
eggs in stool
4.6
(Permin et al.,
1999)
Botswana 39
Farm Demonstration of
eggs in stool
54.5
(Nsoso et al.,
2000)
Europe
Serbia 1031
Farm Demonstration of
eggs in stool
47.6 (Ilic et al., 2013)
The
Netherlands
36 farms Farm
Demonstration of
eggs in stool 47.2
(Eijck and
Borgsteede,
2005)
Germany 1,427
- -
1.5
(Epe et al.,
2004)
Denmark
3,028
Farm
Demonstration of
eggs in stool
Finland
Iceland 11.9
(Roepstorff et
al., 1998)
Norway
Sweden
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5.1.2. Zoonotic Ascaris Infections in Humans
Swine have been indicated in various surveys as a reservoir for zoonotic transmission of
Ascaris (Arizono et al., 2010). For zoonotic ascariasis, the sources of infection include soil,
vegetables or drinking water contaminated with fecal material containing eggs of A. suum.
Contamination of the soil around swine dwellings is very high, particularly in farms where
these animals defecate, with an increased probability of contamination of water resources. In
addition use of feces as manure only further worsens the case. A study in Japan by Arizono
and colleagues has elucidated patent infection of swine derived Ascaris in humans using
molecular techniques (Arizono et al., 2010). In addition, there are additional studies using
molecular techniques that confirm the role animals play in human Ascaris infections
(Anderson, 1995;Dutto and Petrosillo, 2013)
A study done by Betson et al., found that the worms infecting human and those infecting
swine have marked genetic segregation. Interestingly the study observed that there was
evidence of cross-transmission between humans and swine in Africa by detecting the
presence of Ascaris belonging to the pig cluster in humans, although the frequency was low
(0.7%) (Betson et al., 2014).
In the past, the only way to distinguish between human and swine strains of Ascaris was
based on morphology (Ansel and Thibaut, 1973;Sprent et al, 1952). Crewe and Smith
reported a case of a child shedding adult worm of A. suum in the stool (Crewe and Smith,
1971). The above report showed the adult worm had teeth on the dentigerous ridges
confirming it to be swine Ascaris, because the teeth were typically triangular. In the case of
human Ascaris, the teeth have concave sides.
Table 1.9. summarizes the literature on the A. suum infection in humans. Interestingly there
were very few reports from Africa on A. suum infection in humans whereas there were many
reports from Asia and the Americas. These differences in the geographic distribution could be
attributed to the differences in religious, cultural and food practices between these regions.
Moreover, in spite of the high disease burden in Africa, there is lack of zoonotic data,
because primarily all the epidemiological surveys have used less specific diagnostic
techniques, which do not facilitate speciation of STH.
Chapter 1
48
Table 1.9. Case reports/studies of zoonotic Ascaris suum in humans
Country Age
Sample
size
Reference
Asia
India 35 1 (Shalini Thapar Laroia et al, 2012)
Japan 46 1 (Matsuyama et al., 1998)
Japan 62 1 (Izumikawa K et al, 2011)
Japan 50 1 (Tokojima M et al, 2004 )
Japan - 9 (Arizono et al., 2010)
China - 137 (Zhou et al., 2012)
Americas
Canada - 4 (Phills et al., 1972)
USA 9 1 (Patterson et al., 1975)
Puerto Rico 1-5 51 (Huntley et al., 1965)
USA - - (Anderson, 1995)
Ecuador - 22 (Sparks et al., 2015)
Africa
Zanzibar - 14 (Sparks et al., 2015)
Europe
Italy 42 1 (Dutto and Petrosillo, 2013)
England - 1 (Crewe and Smith, 1971)
Denmark - - (Nejsum et al., 2005)
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5.2. Trichuriasis
5.2.1. Trichuris in Animals
Compared to Ascaris infections, both animal whipworms (T. suis and T. vulpis) are less
prevalent in their respective animal hosts (Table 1.10 and 1.11). Studies have reported
prevalence from 1% in Burkina Faso (Tamboura et al., 2006) to 30.5% in Netherlands (Eijck
and Borgsteede, 2005), for T. suis, and from 0.2% in Germany (Epe et al., 2004) to 51.9% in
USA (Kazacos et al, 1978) for T. vulpis. The prevalence of T. suis infections in pigs has
declined over years in developed countries. This decline can be explained by the transition of
raising swine in confined compartments away from contaminated pastures and soil (Davies et
al, 2011), and this is confirmed by the re-appearance of Trichuris infections in swine
populations which are reared in the outdoors (Jufare et al., 2015;Nganga et al., 2008;Schar et
al., 2014;Viott et al., 2013). In the developing and underdeveloped countries pigs tend be
freely roaming Table 1.10. and 1.11. summarizes the prevalence of T. suis and T. vulpis
infection in pigs and dogs respectively.
Similarly to Trichuris infections in humans, the impact of these worms is linked to the
intensity of infections. Low intensity of Trichuris generally produces little to no symptoms in
both animals (Venco et al., 2011). A large worm burden in dogs, results into abdominal pain,
diarrhea with blood, apparent arduous defecation and, on rare occasions, a potentially life-
threatening imbalance of the potassium and sodium salts in the body (pseudo-Addisons
disease; (Venco et al., 2011)). In pigs, large number of worms cause similar results resulting
in substantial economic loss with poor growth rate and feed conversion efficiency (Nonga et
al, 2015;Stewart et al, 2006).
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Table 1.10. Prevalence of Trichuris suis infections in swine
Country Sample size Trichuris suis (%) Reference
Asia
China 3,636 5.7 (Weng et al., 2005)
China 2,971 10.1 (Lai et al., 2011)
China 121 15.6 (Boes et al., 2000)
India 5,511 6.2 (Laha. et al., 2014)
Cambodia 76 6.5 (Schar et al., 2014)
Africa
Ethiopia 384 2.9 (Jufare et al., 2015)
Botswana 39 6.8 (Nsoso et al., 2000)
Nigeria 271 12.2 (Sowemimo et al., 2012)
South Africa 52 15.4 (Horak et al, 1978)
Burkina Faso 383 1.0 (Tamboura et al., 2006)
Americas
Eucador 46 10.8 (Meekums et al., 2015)
Europe
The Netherlands 36 farms 30.5 (Eijck and Borgsteede, 2005)
Germany 1,427 0.3 (Epe et al., 2004)
Denmark
3,028
Finland
Iceland 1.0 (Roepstorff et al., 1998)
Norway
Sweden
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Table 1.11. Prevalence of Trichuris vulpis infections in dogs
Country Sample size Age Trichuris vulpis (%) Reference
Asia
China 358 All age group 0.3 (Xiao Zhang, 2014)
India 101 1-2 year 25 (Yadav and Tandon, 1989)
Cambodia 94 - 7.4 (Schar et al., 2014)
Malaysia 105 >6 weeks 21.0 (Ngui et al., 2014a)
Japan 906 All age group 22.3 (Yamamoto et al., 2009)
Africa
Nigeria 150 All age group 4 (Edosomwan and R., 2012)
Nigeria 254 All age group 0.4 (Ugochukwu and Ejimadu, 1985)
Nigeria 180 All age group 13.9 (Dada et al, 1979)
South Africa 240 All age group 7.9 (Mukaratirwa and Singh, 2010)
South Africa 164 All age group 6.0 (Minnaar and Krecek, 2001)
Americas
Brazil 138 All age group 7.1
(Katagiri and Oliveira-Sequeira,
2008)
Brazil 46 All age group 4.3 (Klimpel et al, 2010)
Argentine 1,944 All age group 6.0 (Soriano et al., 2010)
Jamaica 141 All age group 9.0 (Robinson et al., 1989)
Indiana, U.S.A 104 All age group 51.9 (Kazacos et al, 1978)
Newfoundland,
Canada
57 All age group 7.0 (Bridger and Whitney, 2009)
Europe
Poland 648 All age group 0.3 (Tylkowska et al., 2010)
Belgium 1159 All age group 2.7 (Claerebout et al., 2009)
Germany 1,281 All age group 0.2 (Epe et al., 2004)
Serbia 151 All age groups 47.0 (Nikolic et al., 2008)
Italy 415 - 9.0 (Rinaldi et al., 2006)
Spain 1,800 All age group 1.7 (Martinez-Moreno et al, 2006)
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5.2.2. Zoonotic Trichuris Infections in Humans
The sources of zoonotic species of Trichuris are predominantly dogs and occasionally swine
(Beaver et al., 1952;Dunn et al., 2002;Hall and Sonnenberg, 1956;Nissen et al., 2012). The
majority of the current evidence of zoonotic T. vulpis infections is based on recovery of T.
vulpis eggs, including case reports from America, Japan, Korea and India (Beaver et al.,
1952;Dunn et al., 2002;Hall and Sonnenberg, 1956;Kagei et al., 1986;Marquez-Navarro et
al., 2012;Masuda et al., 1987;Mirdha et al., 1998). In these case reports, the canine
whipworm caused a variety of symptoms, including diarrhea and visceral larva migrans
(Dunn et al., 2002;Masuda et al, 1987;Sakano et al, 1980). Table 1.12. summarizes the
literature on zoonotic Trichuris Infections in humans.
Areekuland colleagues demonstrated that approximately 10% of the children from rural
Thailand infected with Trichuris were harboring T. vulpis. These findings were obtained
through molecular speciation of the eggs excreted in stool (Areekul et al, 2010). Another
study carried out in China (Steinmann et al., 2008) found Trichuris eggs in stool samples of
unusual large size. Although the authors suspected T. vulpis, no firm conclusions could be
drawn as no molecular analysis was performed. Incidentally most cases of human infection
with T. vulpis have been asymptomatic or the patients have complained only about vague
intestinal disturbances and moderate diarrhea (Marquez-Navarro et al., 2012;Stepek et al.,
2006).
Most of the T. suis cases reported in humans have been experimental infections to reduce
inflammation in the gut (Elliott et al., 2005;Sandborn et al., 2013;Summers et al.,
2003;Summers et al., 2005a;Summers et al., 2005b;Summers et al., 2005c;Summers et al.,
2006). Although these reports present a beneficial approach for patients, for example those
suffering from Chrohn's disease, it should be taken into account that these parasites can cause
infection in humans, ranging from moderate to severe flatulence, diarrhea, and upper
abdominal pain (Bager et al., 2011).
Many studies have reported the occurrence of T. vulpis infections in humans, but the
diagnoses are based on measuring the size of eggs in the feces, which is less reliable. It is
important to note the reason for misdiagnosis is because (i) there is an overlap in the size of
eggs between T. trichiura/T.suis and T. vulpis (Areekul et al, 2010), (ii) the morphology of
the eggs could change after treatment (Wagner and Chavarria, 1974), leading to many cases
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of T. vulpis undetected or misdiagnosed. Therefore, the frequency of zoonotic transmission
may be underestimated.
Table 1.12. Case reports/studies of zoonotic Trichuris vulpis in humans
Country Sample size Prevalence rate (%) Reference
Asia
India 28 5/28 (17.9) (Singh et al., 1993)
India 2 - (Mirdha et al., 1998)
Japan 19 - (Kagei et al., 1986)
Japan 1 - (Masuda et al., 1987)
Japan 1 - (Sakano et al., 1980)
Thailand 80 6/80 (7.5) (Areekul et al, 2010)
Americas
USA 1 - (Dunn et al., 2002)
USA 1 - (Hall and Sonnenberg, 1956)
USA 3 - (Beaver et al., 1952)
Mexico 1 - (Marquez-Navarro et al., 2012)
USA 2 - (Kenney and Eveland, 1978)
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5.3. Hookworm Infection
5.3.1. Hookworms in Animals
The animal hookworm species comprises of A. brazilienze, A. caninum, A. ceylanicum and A.
tubaeforme. A. caninum is the principle cause of canine hookworm disease in most tropical
and subtropical areas of the world (Ng-Nguyen et al., 2015), while A. ceylanicum is widely
distributed throughout Asia (Inpankaew et al., 2014;Liu et al., 2014;Ng-Nguyen et al., 2015).
Table 1.13. summarizes the prevalence of hookworm species in dogs namely A. brazilienze,
A. caninum and A. ceylanicum.
Animals get infected by the ingestion of the third-stage larvae from a contaminated
environment and/or larval penetration of the skin. Skin penetration in them is followed by
migration of the larvae through the blood to the lungs, where they are coughed up and
swallowed to mature in the small intestine.
Symptoms associated with these hookworms are anemia, hypoproteinemia, and diarrhea with
dark/tarry feces. which can be fatal for pups (Ng-Nguyen et al., 2015). The different
hookworms differ in pathogenicity, clinical symptoms being more pronounced for A.
caninum. This hookworm species are known to cause far greater blood loss per worm (0.08 -
0.2 ml/day) (Miller et al, 1968) than for example A. ceylanicum (0.033 ml/day) (Areekul et
al., 1975).
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Table 1.13. Prevalence Ancylostoma brazilienze, A. caninum and A. ceylanicum in dogs
Country A. braziliense(%) A.  caninum (%) A.  ceylanicum (%) Reference
Asia
China - 197/254 (78.0) 108/254 (43.0) (Liu et al., 2015)
Malaysia - 39/82 (47.6) 43/82 (52.4) (Mahdy et al.,2012)
India 64/101 (63.0) 76/101(75.0) 49/104 (47.1) (Traub et al.,2004a)
Thailand - 31/133 (23.0) 121/133 (91.0) (Traub et al.,2008)
Vietnam - 43/94 (46.0) 63/94 (67.0) (Ng-Nguyen et
al., 2015)
Americas
USA 2/148 (1.0) 54/231 (23.0) - (Liotta et al.,2012)
Brazil 21/33 (63.6) 10/33 (30.3) - (Coelho et al.,2011)
Uruguay 38/80 (49.0) 77/80 (96.0) - (Malgor et al.,1996)
Africa -
Nigeria - 10/160 (6.3) - (Umar et al,2009)
Ethiopia - 126/327 (32.8) - (Addis, 2012)
South
Africa 12/63 (19.0) 17/63 (27.0) -
(Minnaar et al.,
2002)
Europe -
Italy - 1/239 (1.0) - (Riggio et al.,2013)
Albania - 15/111 (13.5) - (Xhaxhiu et al.,2011)
Spain - 11/1040 (1.1) - (Benito et al,2003)
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5.3.2. Zoonotic Hookworm Infections in Humans
The growing popularity of dogs, together with high rates of canine hookworm infections, has
resulted in a widespread contamination of the soil with infectious eggs and larvae, especially
in poor resource settings.
Zoonotic hookworm infection is often characterized by itchy rash that are caused due to
cutaneous larval migrans (CLM) (Figure 1.11.) which occur during penetration by the
hookworm filariform larvae under the skin (Biolcati and Alabiso, 1997;Heukelbach et al.,
2004;Little et al., 1983). While human ancylostomiasis can be acquired through the
transcutaneous or digestive route, there is some evidence to show that infection of man can
occur by oral route (Loukas and Prociv, 2001b). Among the various zoonotic hookworms,
only A. ceylanicum is known to cause patent infection in humans (Carroll and Grove,
1986;Liu et al., 2014;Traub, 2013). This is because, it is seen that, during the period of time
in the course of infection, the infected individual is found to shed the eggs of A. ceylanicum.
A. ceylanicum is known to be an endemic in humans and widely distributed (Table 1.14.),
ranging from 0.9% in Thailand (Traub et al., 2008) to 29.3% in Cambodia (Inpankaew et al.,
2014). In experimentally induced infections, A. ceylanicum mimics the clinical picture
produced by the anthroponotic hookworms of 'ground itch' and moderate to severe abdominal
pain in the acute phase (Carroll and Grove, 1986). Recent molecular-based surveys in Asia
have demonstrated that A. ceylanicum is the second most common hookworm species
infecting humans (Inpankaew et al., 2014;Jiraanankul et al., 2011). A study by Inpankaew et
al. has showed more than half of the population in a rural village in Cambodia (52%) is
infected hookworm was that of A. ceylanicum (Inpankaew et al., 2014). The sources of
hookworm infection for humans are soil contaminated with the feces of infected dogs or cats.
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Figure 1.11. A presentation of cutaneous larval migrans in an infected individual
(www.dermnet.com)
As shown in Table 1.14., infections with A. ceylanicum in humans have been reported in all
geographical areas in which these helminths are endemic in dogs and cats. In addition, there
is evidence that human infection with A. caninum can be acquired from infected dogs (Croese
et al., 1994a;Croese et al., 1994b). A. caninum infections in humans are often characterized
by the presence of CLM. Experimental studies on human infection with A. caninum by
Landmann et al. have shown that for human infection with canine hookworm most commonly
occurs through percutaneous route (Landmann and Prociv, 2003). These leads to subclinical
infection (Landmann and Prociv, 2003). There have also been some reports of human
eosinophilic enteritis caused by dog hookworm A. caninum (Prociv and Croese, 1990).
Chapter 1
58
Table 1.14. Case reports/studies on zoonotic hookworm infections in humans
Country Age Ancylostomabraziliense(%)
Ancylostoma
caninum (%)
Ancylostoma
ceylanicum (%) Reference
Asia
Thailand - - - 2/208 (0.9) (Traub et al., 2008)
Malaysia 58 - - 1 (Ngui et al., 2014b)
Malaysia 2–82 - - 11/634 (1.7) (Ngui et al., 2012a)
Cambodia - - - 64/218 (29.3) (Inpankaew et al.,2014)
Taiwan 65 - - 1 (Hsu and Lin, 2012)
Iran 44 - 1 - (Alipour and Goldust,2015)
Americas
Brazil 12-31 3 - - (Criado et al., 2012)
Brazil 27-35 2 - - (Damante et al., 2011)
USA - 3 - - (Edelglass et al., 1982)
USA - 1 - - (Beaver et al, 1956)
Europe
Germany - 98 cases - - (Jelinek et al., 1994)
France 33 - - 1 (Brunet et al., 2015)
Australia
Australia 22 - 1 - (Landmann andProciv, 2003)
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5.4. Consequences of Zoonotic Transmission on Control of STH
With the advent of understanding the significance of animals in the transmission of STH
infection, their impact on health and socioeconomic conditions is increasingly becoming a
topic of concern in many countries, particularly in the developing world (Inpankaew et al.,
2014;Ngui et al., 2013;Traub, 2013). With the increase in the density of animal population in
the midst of human dwelling, creates increased probability for humans to come into close
contact with the animals, elevating the risk of zoonotic transmission of STH infection, and
the risk is much higher especially when these animals are left astray, not dewormed and are
indiscriminately defecating.
Since all the current control strategies mainly focuses on administrating anthelminthic drugs
to humans (Johnston et al., 2015), designing control measures not considering or factoring for
role of domestic animals may reduce the efficiency of the existing efforts to control STH.
However, it remains unclear to what extent animals contribute to STH infections in humans.
This lack of evidence is mainly due to use of inappropriate diagnostic techniques.
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Soil-transmitted helminths are amongst the most prevalent parasites worldwide. These
infections mainly affect children, causing stunted growth, reduced cognitive function and
malnutrition. Current efforts to control STH infections involve periodic administration of
anthelminthic drugs to school children in endemic areas. There are preliminary data that
suggests that animals such as dogs and pigs contribute to the epidemiology of STH in
humans, which may jeopardize the success of these programs by being a constant source of
harboring infection and aiding in transmission of infection and reinfection.  However, the
importance of animals as a reservoir for STH in humans remains unclear. This is because
most of the studies were based on the demonstration of eggs in stool, a diagnostic strategy
that does not allow differentiating animal from human STH.
Therefore the overall objective of this PhD thesis is to gain insights into the role of domestic
animals in the transmission of STH infection in humans using molecular techniques. This
work would help bridge the gap in the knowledge of zoonotic transmission of STH
infections.
Specific Objective
 To understand the distribution of both human and animal hookworm species in
children and adults in tribal communities from Jawadhu Hills, southern India (Chapter
2)
 To identify the role of dogs in the transmission of hookworm in the same tribal
community (Chapter 3)
 To explore the zoonotic STH distribution in children across six other STH endemic
countries (Chapter 4)
 To explore the use of chitinase in DNA extraction procedure to improve the DNA
yield from STH eggs present in stool (Chapter 5)
CHAPTER 2
Molecular Speciation of Hookworm in Children
Below 15 years from a Tribal Community in Tamil
Nadu, India Using a Semi-Nested PCR-RFLP Tool
Based on:
George, S., Kaliappan, S. P., Kattula, D., Roy, S., Geldhof, P., Kang, G., Vercruysse, J. &
Levecke, B. 2015. Identification of Ancylostoma ceylanicum in children from a tribal
community in Tamil Nadu, India using a semi-nested PCR-RFLP tool. Trans R Soc Trop
Med Hyg, 109, 283-5.
Kaliappan, S. P., George, S., Francis, M. R., Kattula, D., Sarkar, R., Minz, S., Mohan, V. R.,
George, K., Roy, S., Ajjampur, S. S., Muliyil, J. & Kang, G. 2013. Prevalence and clustering
of soil-transmitted helminth infections in a tribal area in southern India. Trop Med Int Health,
18, 1452-62.
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1. Introduction
Global estimates indicate that in 2010 approximately 440 million people were infected with
hookworms (Pullan et al., 2014). According to WHO, over 270 million preschool-age
children and over 600 million school-age children live in areas where hookworms are
extensively transmitted, and are in need of treatment and preventive interventions (WHO,
2016b). In India, various studies carried out on children found a prevalence rate of hookworm
infection to range from 4 - 45% (Kattula et al., 2014;Mani et al., 1993;Ragunathan et al.,
2010;Ranjan et al., 2015;Ray and Abel, 1994), but there is a limited information on
hookworm infections among tribal population (ICMR, 2003). According to the 2011 census,
8.6% of India's population belong to the tribal community (Census - Government of India,
2011) because they live, or have lived, either by choice or by circumstance, without
significant contact with global civilization. To date, a total of 705 tribal communities have
been notified as 'Scheduled Tribe' by the Government of India (Census - Government of
India, 2011). Table 2.1. summarizes the hookworm prevalence among Indian tribal
population. The living conditions in these areas are inadequate with poor sanitation, which
make India’s tribal population more conducive to but not limited to hookworms. In addition
to this, dogs are highly prevalent in these communities. Hookworm infections are also
commonly found in dogs (e.g. A. brazilenze, A. caninum and A. ceylanicum), which create a
zoonotic risk to humans (Hinz et al, 1980;Liu et al., 2015;Mahdy et al., 2012;Ngui et al.,
2012c). However, to date, the role of domestic animals as a reservoir of patent hookworm
infection in humans remains inadequately explored. This lack of epidemiological data on
zoonotic hookworm infection is mainly because, hookworm infections in humans are
traditionally diagnosed by demonstrating eggs in stool which does not allow differentiating
hookworms species, as eggs are morphologically identical. Hence in order to gain insights
regarding the role of domestic animals as a reservoir for hookworm infections, this study
looked at hookworm species distribution in children below 15 years of age from a tribal
community in Tamil Nadu, India by using molecular characterization technique.
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Table 2.1. Hookworm prevalence among Indian tribal population
State Study population(Tribal) Year Sample size Age
Prevalence of
Hookworm Reference
Madhya Pradesh and
Chhattisgarh
Abujhmaria, Baiga and
Bharia tribes 1988-1993 9,653 All age group 15.6%
(Chakma et al.,
2000)
Andaman and
Nicobar Preschool children 1996 41 0-6 years 2.4%
(Sugunan et al.,
1996)
Andaman and
Nicobar
Nicobarese and Onge
tribes 1996-1999 46 All age group 4.0%
(Lyndem LM et al,
2002)
Meghalaya Nongkya, Sutnga andWilliam Nagar 2087 All age group 45.6%
(Lyndem LM et al,
2002)
Madhya Pradesh Baiga, Abuihmadia andBharia tribes 2000 409 <15 years 16.3%
(Chakma et al.,
2000)
Andaman and
Nicobar - 2000-2001 818,783 11 - 19 years 59.5% (Rao VG et al, 2003)
Orissa
Bondo tribes
2002-2003 All age group
21%
(ICMR, 2003)Didayi tribes 18.7%Juanga tribes 14%
Kondha tribes 18.2%
Kerala Kani andMalampandaram tribes 2002 258 All age groups 18.6 - 58.8% (Farook et al., 2002)
Rajasthan (Dungarpur
district) All tribes 2006 870 5 - 50 16.6% (Choubisa SL, 2006)
Rajasthan (Udaipur
district) Bhil tribes 2010-2011 224 All age groups 0.9%
(Choubisa et al.,
2012)
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2. Material and Methods
2.1. Ethics Statement
The Christian Medical College, Vellore - Institutional Review Board approved the study.
Additionally, local leaders were consulted and permission for the study was obtained. All
study participants provided written informed consent. Parental consent was obtained from all
participants. For participants between 7 and 17 years, written assent for participation was
obtained in addition to parental informed consent.
2.2. Study Area and Population
Jawadhu Hills (Figure 2.1., 2.2.) is an area located on the borders of Vellore and
Thiruvannamalai districts of Tamil Nadu in southern India (Ranganathan et al, 2012). A total
of 80,000 people are living in 11 ‘panchayats’ (groups of villages with a common
administration) with about 250 villages (each village has 15 to 100 households). The area has
poor road access, lacks adequate potable drinking water and has poor sanitation facilities. The
majority of the habitants are agricultural farmers. The average rainfall is 1,100 mm and the
average temperature is 29 °C. The Community Health Department, Christian Medical
College, Vellore, updated its census list in 2008 and began to provide primary health care and
referral services in 106 villages in the Jawadhu hills area.
2.3. Study Design and Data Collection
This study was part of an epidemiological survey that was conducted to: 1. estimate the
prevalence of soil-transmitted helminthes (STHs; Ascaris lumbricoides, Trichuris trichiura
and hookworm) among the community; 2. study the factors associated with STH infections
through a structured questionnaire; 3. identify spatial patterns in the distribution of STH
infections in the tribal population of Jawadhu Hills, Tamil Nadu (Kaliappan et al., 2013). Of
the 106 villages covered by Community Health Department, Christian Medical College,
Vellore, those that were accessible either by road or a maximum of 45 min’ walk from the
road, and had more than 150 residents were selected. The study was carried out from
November 2011 to April 2012. In this survey, 620 children (1 to 15 years of age) and 617
adults (>15 years) were screened for the presence of STH. Participants were visited at home
by field workers. The field workers recorded demographic data and behavioral patterns using
a structured questionnaire, which had been piloted for language and comprehension. The
socio-economic status (SES) of the participants was assessed using the Community Health
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and Development (CHAD) SES scoring scale, which has been validated for rural areas of
Vellore (Mohan and Muliyil, 2009). Each family was scored on the following five
characteristics: caste, type of house, occupation and education of the head of the household,
and land ownership (in acres). The data was analysed using the statistical softwares SPSS 16
(SPSS Inc., IL, USA) and STATA 10 (StataCorp., TX, USA) software. Bivariate analyses
were performed to identify the association between risk factors and the outcome. Pearson’s
chi-squared test was used to test the statistical significance of the associations. Statistical tests
were carried out at a 5% significance level (P < 0.05). The main study reported an overall
prevalence of STH to be 39% (Kaliappan et al., 2013) with hookworm (38%) being the
predominant STH, followed by Ascaris lumbricoides (1.5%). Of the 620 children, 185
(29.8%) were positive for hookworm through the saline wet mount microscopy method.
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Figure 2.1. Geographic location of Jawadhu Hills
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(a) (b)
Figure 2.2. The tribal community of Jawadhu - (a) The study area from where the samples were collected (b) a picture depicting the close
relationship animals and human share
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2.4. Stool Sample Collection and Testing
The participants were given containers and visited at home the following day to collect the
stool samples. Each participant was requested to collect five samples on alternate days. The
stool samples were collected and stored at the study area at 4°C before being transported
using cold containers to the Parasitology Laboratory at Christian Medical College, Vellore
the following day for microscopic examination applying saline wet mount as described in
Chapter 1; section 3.1.1.1. Any participant with presence of any STH (A. lumbricoides, T.
trichiura, hookworm) in any sample was considered positive. A subset the stool samples was
randomly selected from the hookworm-infected children (one sample per child) for molecular
characterization.
2.5. Molecular Technique
DNA was extracted using Qiagen stool DNA-mini kit (Qiagen, Hilden, Germany) from the
stool stored in -70°C. A partial region of internal transcribed spacer (ITS)-1,2 and 5.8s
genome was amplified using a semi-nested PCR protocol (common forward primer:
UGHWF-5’GTTGGGAGTATCRCCMMCCK3’, first-round reverse primer: NC1R-
5’AACAACCCTGAACCAGACGT3’ and second-round reverse primer: UGHWR-
5’ATGCGTTCAAAATTTCACCA3’. Both negative (H2O) and positive (hookworm DNA)
controls were included in each run. The amplification reactions were performed in a volume
of 25 μl containing 2.5 μl DNA, 0.5 μl of each primer (10 μM), 1 μl MgCl2 (25 mM), 5 μl
GoTaq Flexi buffer, 14.875 μl PCR-grade H2O, and 0.125 μl GoTaq Flexi DNA polymerase.
The following conditions were applied: 95 °C for 2 min (initial denaturation), 34 cycles of 95
°C for 30 sec (denaturation), 55°C for 30sec (annealing), 72 °C for 30sec (extension),
followed by a single step of 10 min at 72 °C. The amplified product was detected using 1.5%
agarose gel electrophoresis using ethidium bromide. The PCR reaction gave a product size of
404-408bp for Ancylostoma spp., and 552 bp for N. americanus. To further molecular
characterize the Ancylostoma spp., the PCR products were subsequently digested directly
with 5 units of restriction endonuclease MvaI, which only digests A. ceylanicum into two
fragments (340 bp and 64 bp), and Psp1406I, which only digests A. duodenale into 2
fragments (255 bp and 149 bp), (Figure 2.3.). The length of PCR products and RFLP
fragments were determined using reference samples as well as in silico using the ClustalW
method with MegAlign DNASTAR software (PCR) as well as CLC5 Sequence Viewer,
Qiagen (RFLP).
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Figure 2.3. Determination of Ancylostoma duodenale, A. ceylanicum, A. caninum and
Necator americanus using PCR-RFLP analysis. Lanes 1 to 4 are PCR products of A.
duodenale, A. caninum, A. ceylanicum and N. americanus digested by MvaI, lanes 5 to 8 are
the same PCR products digested by Psp1406I. Lanes 1 (404 bp) and 5 (255 bp and 149 bp)
represents A. duodenale, lanes 2 and 6 (404 bp) A. caninum, lanes 3 (340 bp and 64 bp) and 7
(404 bp) A. ceylanicum, and lanes 4 and 8 (552 bp) N. americanus. Lanes labeled NC
represent negative controls.
3. Results and Discussion
In our study, we diagnosed almost one third of the children in our study population positive
for hookworms using saline wet mount microscopy. Upon molecular characterization of 50
hookworm positive samples by microscopy, 41 (82%) were positive by PCR. Most infections
were of N. americanus (n = 39) followed by Ancylostoma spp. (n = 8). Further specification
of the Ancylostoma spp. revealed the presence of A. duodenale in six samples and A.
ceylanicum in the two remaining samples, which were also co-infected with N. americanus.
Our results indicate that N. americanus is the predominant species, and that zoonotic A.
ceylanicum infections only occurs in a minority of the cases. This finding confirms previous
surveys suggesting that hookworm infections in Asia are mainly due to N. americanus, but
contrasts with molecular surveys reporting high prevalence of zoonotic A. ceylanicum
infections. For example, Ngui et al. found 23% of their study population identified positive
by PCR for hookworms in Malaysia to be infected with A. ceylanicum (Ngui et al., 2012a). In
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Cambodia, A. ceylanicum contributed to 52% (64 out of 124) of the human hookworm
infections (Inpankaew et al., 2014). This discrepancy might be due to differences in
proximity and density of animals to the study population. In Cambodia, almost every
household (100%) had a dog and 40% of the households had more than one dog. Whereas, in
Jawadhu hills, only ~60% of the households had contact with either dog or cat (assessed
through questionnaire). Moreover, the higher prevalence of A. ceylanicum infection in the
Cambodian study was observed in persons between 21 and 30 years of age, whereas our
study population was restricted to children between 1 to 15 years of age.
In the univariate analysis, people who worked on farms had higher odds of acquiring
hookworm infections when compared to people not doing any agricultural work (OR 1.68;
95% CI 1.31–2.17; P < 0.001). Presence of untrimmed long dirty nails, not washing hands
before eating, usage of a designated area for defaecation, pig rearing and having domestic
animals were not significantly associated with an increased risk of hookworm infection.
Washing hands with soap and water after defaecation had a protective effect, as people who
never washed hands with soap and water had odds of 1.84 (95% CI 1.27–2.67, P= 0.001) for
hookworm infection, which was statistically significant. Having a cat as a pet increased odds
to 1.55 (95% CI 1.10–2.18, P = 0.011), which was also found to be statistically significant.
An important limitation of this study is that we only examined human stool samples, and did
not include stool samples of the sympatric dog/cat populations or samples from the
environment to obtain complementary data on the transmission of zoonotic ancylostomiasis.
In conclusion, despite the relatively low prevalence of zoonotic hookworm infections in this
tribal community, our study once more highlighted the need to consider hygiene and animal
health programs as part of the One Health approach for the control of this zoonosis while
developing mass drug administration strategies. Moreover, it emphasizes the necessity of
further exploring the impact of zoonotic hookworm transmission on public health using
appropriate diagnostic tools on both stool (animals and humans) and environmental samples.
CHAPTER 3
Molecular Identification of Hookworm Isolates in
Humans and Dogs in a Tribal Area in
Tamil Nadu, India
Based on:
George, S., Levecke, B., Kattula, D., Velusamy, V., Roy, S., Geldhof, P., Sarkar, R. & Kang,
G. 2016. Molecular Identification of Hookworm Isolates in Humans, Dogs and Soil in a
Tribal Area in Tamil Nadu, India. PLoS Negl Trop Dis, 10, e0004891.
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1. Introduction
Infections with hookworms (Necator americanus and Ancylostoma duodenale) remain a
major public health problem in several low and middle-income countries (de Silva,
2003;Hotez et al., 2013). It is estimated that ~439 million people are infected, resulting in a
global disease burden of ~3.5 million DALYs (62.3% of the DALYs attributable to soil-
transmitted helminths; ~3% of all DALYs attributable to NTDs) (Murray et al., 2012). The
major morbidity associated with hookworm infections is caused by intestinal blood loss, iron
deficiency anaemia, and protein malnutrition (Hotez et al., 2010), most of which occurs in
children and pregnant women (Vercruysse et al., 2011b). The current strategy to control the
morbidity caused by these intestinal worms are embedded in large-scale school-based
deworming programs, in which benzimidazole drugs (albendazole and mebendazole) are
administered to schoolchildren regardless of their infection status (Brooker et al.,
2004;Savioli et al., 2002). However, it remains unclear whether these school-based
deworming programs are the most efficient approach (Anderson et al., 2013).
First, both prevalence and the intensity of hookworm infections increase as a function of age.
Although most of the deworming programs target school-aged children, the major
contributors of hookworm infection both in terms of prevalence and total egg excretion are
adults, who are often not included in deworming programs (Anderson et al., 2013;Brooker et
al., 2004). Second, the eggs excreted in stool are non-infectious, and need to develop and
hatch on the soil before larvae can transcutaneously enter the human host and cause disease
(Plotkin et al., 2008). Therefore it will be important to supplement deworming programs with
improved WASH to prevent re-infection (Strunz et al., 2014). Moreover, benzimidazole
drugs have a moderate efficacy against hookworm and never reach 100% efficacy (Keiser
and Utzinger, 2008;Levecke et al., 2014b) Third, it is traditionally assumed that hookworm
infections are caused by the human hookworms N. americanus and A. duodenale, and hence
hookworm infections in humans are solely due to the contamination of soil with human stool
(Cary Engleberg et al, 2013). Infections with the hookworms (e.g. A. caninum, A.
ceylanicum, A. brazilienseand Uncinaria stenocephala) in dogs are also highly prevalent, and
depending on the species these hookworms may also cause a variety of clinical symptoms in
humans (Prociv and Croese, 1990). A. ceylanicum is the only known species to cause patent
infection in humans (Ngui et al., 2014b) with symptoms ranging from gastrointestinal
discomfort, epigastric pain, flatulence and diarrhoea, whereas the rest are mainly limited to
lesions in the skin caused by migrating larvae (cutaneuos larva migrans) (Bowman et al.,
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2010). Migration to the intestine has been reported for A. caninum which may cause severe
eosinophilic enteritis (Prociv and Croese, 1990;Walker et al., 1995). Recent studies also
indicate that the role of domestic animals as a source of hookworm infections in humans
should not be ignored. For example, in a study done in a rural region of Cambodia
(Inpankaew et al., 2014) 64 out of 124 (51.6%) individuals were found to be infected with the
animal hookworm A. ceylanicum, of which the majority were mono-infections (89%) [16].
Similarly, a study done in a tribal region in India (Chapter 2), found that human hookworm
infections (N. americanus 39/41; 95% and A. duodenale 6/41; 15%) accounted for majority
of the infections, whereas the animal hookworm A. ceylanicum only accounted for a minority
of the infections (2/41; 5%), and hence these findings suggest that the rate of zoonotic
transmission might vary across different geographical areas.
Despite these studies, the role of domestic animals as a reservoir for hookworm infections in
human remains poorly explored. This lack of understanding of disease transmission among
both humans and animals, is largely due to the fact that diagnosis of hookworm infection is
based on the microscopic demonstration of eggs in stool, but it is impossible to differentiate
animal and human hookworm eggs based on morphology. For this, molecular tools are more
appropriate (Gasser, 2006). Second, various studies have identified hookworm species
separately across humans (George et al., 2015;Ngui et al., 2012a;Traub et al., 2004a), dogs
(Ng-Nguyen et al., 2015;Traub et al., 2002;Traub et al., 2005) or soil (Tun et al., 2015), but to
our knowledge there are no studies which have identified hookworm species using molecular
techniques within both hosts and environment in the same geographical region. The present
study aims at molecular identification of hookworms isolates from humans, dogs and soil
from a tribal area in Tamil Nadu, India. The selection of this study area was based on (i) a
high prevalence of hookworm infection in humans (38%) (Kaliappan et al., 2013) and (ii) the
presence of factors that facilitates zoonotic hookworm transmission in humans.
2. Material and Methods
2.1. Ethics Statement
This study was part of an open-label, community-based cluster randomized trial that was
approved by the Institutional Review Board of Christian Medical College, Vellore, India.
This trial is registered in the Clinical Trials Registry of India (CTRI/2013/05/003676). A
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description of the ethical considerations has been described in detail elsewhere (Sarkar et al.,
2017). In short, a written informed consent was obtained from parents/legal guardian for the
collection of stool samples from children aged less than 18 years of age and an assent was
obtained from 8-17 year old children. Participants older than 18 years of age signed their own
informed consent form.
2.2. Study Area and Population
Jawadhu Hills (Figure 3.1.) are situated in Vellore and Thiruvannamalai district of Tamil
Nadu (southern India). It covers an area of 150 km2 and a population of approximately
80,000 of which the majority is tribal. The population is organized in 11 ‘panchayat’ (a group
of villages under one local administrative council) and 229 villages (Ranganathan et al,
2012). The area is known to have red loamy soil (R. Ranganathan, 2012). The temperatures
of the region ranges between 12 °C and 33 °C (Ranganathan et al, 2012). There is excessive
rainfall lasting from July to September (>1,000 mm) (Ranganathan et al, 2012), with relative
humidity varying from 40 to 85% (Ranganathan et al, 2012). While the dry seasons lasting
from April to June. The majority of the population is employed in the agricultural sector and
lives in close proximity with animals, including dogs and cats. It is important to note that
these animals are not confined, and although they belong to one household are found freely
roaming through the village. Across the entire area there is a common practice of open-field
defecation (Kaliappan et al., 2013).
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Figure 3.1. A Geographic Information System (GIS) map highlighting soil-sample villages
from where human and dog stool sample and soil samples were collected
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2.3. Selection of the Hookworm Samples
The study was part of an open-label, community-based cluster randomized trial conducted
between 2013-2015. The aim of the trial was to compare the hookworm re-infection rates for
one year in a population that was subjected to varying cycles of deworming using
albendazole. Therefore, 15 clusters (villages) were randomized into one of three different
treatment arms: (i) single cycle, (ii) two cycles and (iii) four cycles. The timing of deworming
in each of the three groups have been described in detail elsewhere (Sarkar et al., 2017). In
short, individuals in the single cycle treatment arm, received a single oral dose of albendazole
once in the beginning of the study and stool samples were collected 3, 6, 9 and 12 months
post-treatment. Individuals in the treatment arm of two cycles received two single oral doses
of albendazole. The first dose was given at the start of the trial and second dose after one
month. The stool samples were collected 3, 6, 9 and 12 month after the administration of the
second dose. The indviduals in the treatment arm of four cycles were given two doses of
albendazole were given at the start of the trial with one-month interval, and an additional two
doses of albendazole were given at 6 months after the 2nd dose with one month interval.
Stool samples were also collected after 3 and 6 months post 2nd dose and 3, 6, 9 and 12
months post 4th dose of albendazole.
In the present study, stool (humans and dogs) and soil were collected from nine clusters
included in the trial (3 per treatment arm), including Seramarthur, Jambudee, Alanjanur,
Sinthalur, Koothatur, Villichanur, Keel Nadanur, Thimirimarathur and Pudhupattu (Figure
3.1.). In 2013 the total population of the 9 villages was 2,906 habitants (1,492 males and
1,414 females) belonging to 683 families.
2.3.1. Human Stool
Human stool samples were collected as per trial protocol described above. Based on the
treatment arm, stool samples were collected at an interval of three months until the end of one
year after the last treatment. Field workers visited the house of the study a day before
collection was scheduled and handed over a plastic stool container and wooden spatula.
Containers were appropriately labeled. The stool samples were collected the following day
and stored at the study area at 4°C before being transported to the laboratory using cold
containers. In total 2,152 stool samples were collected from 711 individuals from the 9
selected villages. All samples were screened microscopically applying a saline wet mount.
Stool in which hookworm eggs were found were subsequently screened using the McMaster
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egg counting method to estimate the intensity of infection (fecal egg counts (FECs) expressed
in number of eggs per gram of stool (EPG)). Finally, one stool sample per infected subject
was withheld for molecular analysis, and stored at -70°C. If hookworm eggs were found in
multiple samples from the same individual, the sample with the highest FEC was selected.
2.3.2. Dog Stool
Field workers identified 10 houses per village based on structured questionnaire that had
previously claimed dog ownership, and volunteered to help collect stool samples. As the dogs
in these villages were not usually confined, the owners chained their dogs for a day and stool
sample was collected into the plastic stool container using a spatula after the dog defecated.
In each village, a single stool sample from 10 dogs was collected (n = 90).  The stool samples
were stored at 4°C at the site of collection. The samples were transported to the laboratory in
cold containers. As with human stool samples, dog stool were first screened with saline wet
mount, after which stool of infected animals were re-examined using the McMaster egg
counting method. All samples containing hookworm eggs were withheld for molecular
analysis, and stored at -70°C.
2.3.3. Soil Samples
Soil samples were collected from common open defecation areas for each of these villages.
Field workers opportunistically collected soil samples from hot spots of the defecation site
chosen for the study. The soil samples that were collected were found to be loamy and wet.
The collection of soil samples was in conjunction with human stool samples. Hookworm
larvae are known to be present in the top soil early in the morning (Liu et al, 2012;Udonsi
and Atata, 1987) and therefore sample collection was done between 8 a.m. and 10 a.m.
Depending on the number of open defecation areas in a village and the number of cycles of
deworming, 20 to 40 soil samples were collected per village. Approximately 250-300 grams
of topsoil was collected and transported in plastic bags at room temperature to the laboratory
on the same day. All samples were screened for the presence of hookworm-like nematode
larvae applying a modified saline wet mount. In total, 271 samples were collected from 22
open defecation sites. All samples were stored at 4°C until the molecular identification of the
larvae.
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2.4. Laboratory Procedure
2.4.1. Microscopic Examination
2.4.1.1. Saline Wet Mount
The saline wet mount was performed on stool as described in laboratory manual by WHO
(WHO, 1991). For soil samples, two grams of soil sample was suspended in 10 ml buffered
saline (0.85% NaCl). The suspension was subsequently filtered twice using a tea strainer to
withhold any large debris. The obtained filtrate was transferred into a 15 ml falcon tube, and
saline was added up to a volume of 10 ml. The suspension was centrifugation at 3,150 g for
10 min. The supernatant was discarded and a saline wet mount was performed.
2.4.1.2. McMaster Egg Counting Method
McMaster egg counting method was performed as described by Levecke and colleagues,
2011 (Levecke et al., 2011a). In short, two grams of stool were suspended in 30 ml of
saturated NaCl solution (specific gravity ∼1.2). The fecal suspension was run through filter
(250 µm) three times to remove any large debris. Then, 500 µl of the remaining suspension
was added to each of the two chambers of a McMaster slide (http://www.mcmaster.co.za).
Both chambers were examined under a light microscope using a 100x magnification and the
FEC, expressed as EPG for hookworms, were obtained by multiplying the total number of
hookworm eggs by 50. A visual tutorial on how to perform a McMaster can be found at
https://www.youtube.com/watch?v=bwIFyZ7NrFw.
2.4.2. Molecular Identification of Hookworm Isolates
2.4.2.1. DNA Extraction
Stool Samples
DNA was extracted from stool using the Qiagen stool DNA-mini kit (Qiagen, Hilden,
Germany). One gram of stool sample was mixed with 1 ml of lysis buffer and thoroughly
mixed using a vortex for 10 min. Subsequently, 0.1 gram of 425 - 600 µm acid-washed glass
beads was added to the suspension and was continuously beaded at variable shaking speeds
of 2,000 – 3,450 strokes/min for 9 min. To further enhance the recovery of DNA, the samples
were then subjected to 5 freeze-thaw cycles; first putting the samples in water bath of 95°C
for 5 min followed by a freeze step in liquid nitrogen for 2 min. With the exception of the
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elution step, which was repeated twice, the remaining of the DNA extraction was performed
according to the manufacturer’s protocol.
Soil Samples
Prior to DNA extraction, larvae were isolated from the soil. To this end, 20 grams of the soil
samples was suspended in 10 ml of distilled water. The choice of the amount of soil was
based on larval recovery rates across 2, 4, 5, 10 and 20 grams of soil. Subsequently, the
sample was filtered twice through a tea strainer to retain any larger debris. The obtained
filtrate was subjected once more to 2 consecutive filtration steps, using a sieve filter of pore
size 0.4 mm and 0.2 mm respectively. The remaining material was then scrapped off the 0.2
mm sieve filter where the larvae retained and transferred into a 15 ml falcon tube, and 3 ml of
MgSO4 solution (specific gravity = 1.2). The suspension was centrifuged at 2,000 g for 2
min, the supernatant was transferred into a new 15 ml falcon tube, and 3 ml of distilled water
was added. Finally, the end solution was concentrated to 1 ml, which was then processed
using the Qiagen Blood and Tissue kit (Qiagen, Hilden, Germany).
2.4.2.2. Identification of Hookworm Species
The ITS 1,2 and 5.8s region of the hookworm genome was amplified using a semi-nested
PCR protocol described by George and colleagues, 2015 (Chapter 2). The first-round PCR
resulted in a product of 597 bp (N. americanus) and in a product of 449 bp (Ancylostoma spp.
and U. stenocephala), while the second PCR resulted in a product of 552 bp (N. americanus),
404-408 bp (Ancylostoma spp. and U. stenocephala). Both a negative (water) and positive
(hookworm DNA) control was included in each run. The amplification reactions and
conditions have been described in Chapter 2. The amplified product was detected using 1.5%
agarose gel electrophoresis using ethidium bromide. To determine the species of
Ancylostoma, the second-round PCR products were subsequently digested using the
restriction enzymes as mentioned in Chapter 2. To differentiate between A. brazilienze, A.
ceylanicum, A. caninum and A. duodenale, DNA from these species were subjected to two
different restriction enzymes (MvaI and Psp1406I) at 37°C for 13 hours. MvaI digest A.
brazilienseinto three fragments of 64, 122 and 222 bp using and A. ceylanicum into two
fragments of 255 and 149 bp; but is not able to digest A. duodenale, A. caninum and U.
stenocephala. Psp1406I digests both A. brazilienseand A. duodenale into two fragments (A.
brazilienze: 259 and 149 bp; A. duodenale: 255 and 149 bp), but not A. caninum. The
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restricted products were detected using 2% agarose gel electrophoresis and ethidium bromide.
Based on previous findings, the likelihood of observing the canine U. stenocephala and the
feline hookworm A. tubaeforme was expected to be low in our study setting (Traub et al.,
2014), and hence these hookworm species were not prioritized while selecting RFLP
enzymes. Our analysis on the reference sequence from GenBank for both A. tubaeforme and
U. stenocepahala revealed that both MvaI and Psp1406I do not have restriction sites in their
genome. To confirm the specificity of the PCR-RFLP method and to exclude any U.
stenocephala and A. tubaeforme infections, DNA sequencing was performed on a subset of
the isolates. DNA sequencing was done using a dye terminator cycle sequencing kit and a
four-capillary array genetic analyser (Applied Biosystems 3130) directly from the purified
amplicons, which were sequenced in both directions using the same oligonucleotide primers
used in Chapter 2. In the presence of mixed infections, the amplified products were run on
1.5% agarose gel and the desired product cut from the gel and purified using fast bind-wash-
elute method using QIAquick gel extraction kit. Sequences were aligned by pairwise
alignment using the ClustalW method with MegAlign DNASTAR software. The pairwise
alignment was done to draw inference on the relationship between hookworms from humans,
dogs and soil. A bootstrap consensus tree inferred from 100 replicates was used to generate
the tree. For each of the different hookworm species reference samples were included (A.
brazilienze: GenBank accession no DQ359149; A. caninum: GenBank accession no
DQ438070; A. ceylanicum: GenBank accession no DQ381541; A. duodenale: GenBank
accession no EU344797 and N. americanus: GenBank accession no AB793527).
2.5. Analytic Sensitivity of Detecting N. americanus L3-Larvae in Soil
In order to verify the analytic limit of detecting N. americanus L3-larvae recovered from soil,
a spiking experiment was set up. To this end, a series of known number of N. americanus L3-
larvae were added to a fixed aliquot of sterile soil. In this experiment 70, 140, 280 and 700
larvae were added to 20 gram of soil, resulting in a concentration of 3.5, 7, 14 and 35 larvae
per gram of soil. Each of the number of larvae was added to 5 different aliquots of soil,
resulting in 20 seeded aliquots of soil. These seeded aliquots were processed as described
above in the section 3.2.4.2. Molecular identification of hookworm isolates. Prior to DNA
extraction, the number of larvae isolated from 20 gram of soil was determined by
microscopically screening 4x 10 μl of the final 1 ml elute.
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The L3 larvae were obtained by applying the Harada-Mori method to human stool submitted
to the laboratory for routine microscopic examination. The larvae were kept at a
concentration of 14,000 larvae / ml, and hence 70, 140, 280 and 700 larvae were represented
by a larval stock volume 5 μl, 10 μl, 20 μl and 50 μl, respectively. To fix the total volume
added to the soil, sterile water was added up to a volume of 1,000 μl for all experiments. One
kilo of soil, which was negative on the saline wet mount, was dry heat sterilized (160° C for 2
hours). The sample was subsequently processed as described in 2.4.2. Molecular
Identification of Hookworm Isolates and found to be negative for N. americanus-DNA.
3. Results
3.1. Molecular Characterization of Hookworm in Humans
From the 711 individuals that participated in the study, 146 individuals were found to be
infected with hookworm using saline wet mount microscopy. Out of the 146 infected
individuals, 143 individuals provided adequate quantity of stool samples to perform
molecular characterization, and hookworm-DNA was detected in 119 individuals (83.2%).
The median (25th quantile (Q25) - 75th quantile (Q75)) FEC among the infected individuals was
550 EPG (200 – 1,000). The number of infected humans and the corresponding median FEC
across the different villages are summarized in Table 3.1. All had N. americanus, while A.
caninum was found in 20 individuals and A. duodenale in 10 individuals. The distribution of
the different hookworm species in human stool across the 9 villages is summarized in Table
3.1. Based on a structured questionnaire, the odds of being infected with A. caninum when
claiming dog ownership (11/299) was 1.71 (95% confidence interval = 0.69 - 4.18) times
higher when no dog ownership was claimed (9/412), but this was not statistically significant.
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Table 3.1. Molecular characterization of hookworm infections across 9 villages in human stool collected from Jawadhu Hills
Village N
Microscopy
positive
Median FEC
(Q25 - Q75)
PCR positive
Molecular characterization of hookworm
N. americanus A. duodenale A. caninum
Alanjanur 59 7 250 (150-1650) 6 6 0 6
Jambudee 75 26 500 (200-950) 20 20 1 2
Keel Nadanur 74 14 1,300 (500-1700) 13 13 0 5
Kootathur 107 22 550 (250-750) 21 21 0 4
Pudhupattu 120 11 300 (150-650) 8 8 0 1
Seramarathur 63 23 1,100 (500-3450) 23 23 7 1
Sinthalur 70 8 200 (125-450) 5 5 0 1
Thimirimarathur 55 11 200 (100-450) 6 6 1 0
Villichanur 88 21 650 (300-900) 17 17 1 0
Total 711 143 (20.1%) 550 (200-1000) 119 (83.2%) 119 (100%) 10 (8.4%) 20 (16.8%)
FEC - Fecal egg count expressed as eggs per gram of stool;
Q25:25th quantile; Q75: 75th quantile of an ordered range of data.
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3.2. Molecular Characterization of Hookworm in Dogs
On account of high prevalence of A. caninum DNA in human stool samples, dog stool
samples were collected from the 9 villages. In total, 77 out of 90 dogs excreted hookworm
eggs in stool. The median (Q25 - Q75) FEC across infected dogs was 350 EPG (100 – 650).
The number of infected dogs and the corresponding median FEC across the different villages
are summarized in Table 3.2. Hookworm DNA was detected in 68 of the 77 dog samples
(88.3%) selected for molecular characterization. A. caninum was the predominant species,
being found in 52 dogs. A. ceylanicum was found in 19 (27.9%) dogs. Among them three
dogs had mixed A. caninum and A. ceylanicum infections. The distribution of the different
hookworm species across the 9 villages is summarized in Table 3.2.
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Table 3.2. Molecular characterization of hookworm infections across 9 villages in dog stool collected from Jawadhu Hills
Village N
Microscopy
positive
Median FEC
(Q25 - Q75)
PCR positive
Molecular characterization of
hookworm
A. caninum A. ceylanicum
Alanjanur 10 10 875 (450-1350) 9 5 6
Jambudee 10 7 100 (50-850) 5 2 3
Keel Nadanur 10 8 350 (75-475) 8 8 0
Kootathur 10 8 150 (50-200) 8 8 1
Pudhupattu 10 10 300 (150-2200) 10 9 1
Seramarathur 10 8 525 (250-1875) 7 5 2
Sinthalur 10 8 450 (300-775) 7 6 1
Thimirimarathur 10 10 500 (250-550) 7 3 4
Villichanur 10 8 325 (175-350) 7 6 1
Total 90 77 (85.5%) 350 (100-650) 68 (88.3%) 52 (76.4%) 19 (27.9%)
FEC: Fecal egg count expressed as eggs per gram of stool; Q25: 25th quantile; Q75: 75th quantile
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3.3. Molecular Characterization of Hookworm Larvae in Soil
To assess the role of soil as a source of zoonotic hookworm infection, a total of 271 soil
samples were collected from defecating areas across 9 villages. Hookworm-like nematode
larvae were found in 78 out of the 271 samples that were collected. Of the 78 soil samples
identified positive for hookworm-like nematode larvae, 72 (92.3%) were found positive by
PCR for hookworms. Molecular characterization of these 78 soil samples revealed the
presence of a variety of hookworm species, including A. caninum, A. ceylanicum, A.
duodenale, A. brazilense and N. americanus. The majority of these soil samples were
contaminated with A. ceylanicum (n = 41; 56.9%), followed by A. caninum (n = 20; 27.7%)
and A. braziliense(n = 1; 1.4%). The human hookworms were only found in the minority of
the samples (A. duodenale: n = 8; 11.1%; N. americanus: n = 1; 1.4%). The distribution of
the hookworm species across the different villages is summarized in Table 3.3.
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Table 3.3. Molecular characterization of hookworm infections across 9 villages in soil samples collected from Jawadhu Hills
Village N
Microscopy
positive
PCR
positive
Molecular characterization of hookworm
A. caninum A. ceylanicum A. duodenale A. brazilienze N. americanus
Alanjanur 40 11 10 5 4 1 0 0
Jambudee 30 11 10 2 7 1 0 0
Keel Nadanur 30 5 5 1 4 0 0 0
Kootathur 40 21 20 6 12 2 1 0
Pudhupattu 31 5 4 1 3 0 0 0
Seramarathur 20 5 4 1 2 1 0 0
Sinthalur 20 2 2 1 0 1 0 0
Thimirimarathur 40 10 9 5 3 2 0 1
Villichanur 20 8 8 1 6 1 0 0
Total 271 78 (28.8%) 72(92.3%) 20 (27.7%) 41 (56.9%) 8 (11.1%) 1 (1.4%) 1 (1.4%)
Chapter 3
89
3.4. Sequence Analysis
In total, part of ITS region of 69 hookworm isolates from different sources (29 human, 26
Dog and 14 soil) were sequenced in the present study. The phylogenetic tree is provided in
Figure 3.2, and highlights that each species identified by the PCR-RFLP cluster nicely
together with their respective reference sequences. The human-derived A. caninum sequences
(Study ID nos. Human20493, Human16162, Human11351, Human11017, Human9949,
Human9931, Human9851, Human9843, Human9661, Human9659, Human6365,
Human6303, Human6253, Human1882, Human1649 and Human1596) clustered with the A.
caninum sequences from dogs and soil, forming a cluster with A. caninum reference
sequences (GenBank accession no. DQ438070). The human-derived sequences of A.
duodenale (Study ID nos. Human2545, Human2880, Human2552 and Human2544) centred
within a clade with the reference A. duodenale sequence (GenBank accession no.
EU344797). The N. americanus sequences from humans clustered as a separate larger cluster.
All 69 sequences were submitted to GenBank and assigned the accession numbers from
KU996361 to KU996390, and from KX155777 to KX155815
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Figure 3.2. Phylogenetic tree constructed using Pairwise Alignment to draw inferences on
relationship between different hookworms species.
Chapter 3
91
Sequences were aligned by pairwise alignment using the ClustalW method with MegAlign
DNASTAR software. The pairwise alignment was done to draw inference on the relationship
between hookworms from humans, dogs and soil. A bootstrap consensus tree inferred from
100 replicates was used to generate the tree.
3.5. Analytic Sensitivity of Detecting N. americanus L3-larvae in Soil
Due to low detection of N. americanus larvae in the soil samples but the high prevalence of
hookworm (N. americanus) in humans, an experiment was carried out to assess the analytic
sensitivity of detecting N. americanus larvae in soil samples using the standardized assay as
described in section 3.2.5. For the various concentrations (70, 140, 280 and 700 larvae) of the
larvae in the stock that was used to spike, there was a large variation in mean recovery rate
(%) of the N. americanus L3-larvae, ranging from 51.1% when 70 larvae were added to
92.9% when 700 larvae were added. The results of the larvae recovery rate are presented in
Table 3.4. The larvae that were isolated from these experiments were characterized using
PCR and were confirmed to be N. americanus.
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Table 3.4. The recovery rates (%) with different larval concentrations in five batches of soil aliquots
N
Larvae added to the soil
Mean (SD*)
Recovered larvae
Recovery rate (%)
70 40 (13.7) 57.1
140 125 (0) 89.3
280 255 (11.2) 91.1
700 650 (30.6) 92.9
*SD: standard deviation
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4. Discussion
There has been a worldwide upscale of drug donations to control the morbidity caused by
hookworms, and to even attempts to eliminate these worms in confined geographical areas
(Brooker et al., 2004). It is traditionally assumed that infections in humans are solely due to
the human hookworms (N. americanus and A. duodenale) (Brooker et al., 2004; Hotez,
1995), hence ignoring the possible role of domestic animals as a reservoir for hookworm
infections. This study determined the hookworm species in humans, dogs and soil from a
tribal area in Tamil Nadu, India. The findings from our present work confirm that N.
americanus are responsible for the majority of the hookworm infections in humans in these
tribal communities (Chapter 2). In addition, we also found an unexpectedly high prevalence
of animal hookworm DNA in humans, while the study described in Chapter 2 from Jawadhu
Hills had a low prevalence of animal hookworms (5%). These differences in occurrence
might be explained by variation in prevalence across villages. Both studies covered different
villages, and as illustrated in Table 3.1, there was a large variation in animal hookworm
infections in humans across villages (A. caninum was found in 6 out 6 cases in Alanjanur, but
was absent in Thimirimarathur and Villichanur). There was no significant evidence of an
increased risk of hookworm infections with dog ownership, which is in contrast with the
studies reported by Traub et al. (2002) and Ugbomoiko et al. (2008), (Traub et al.,
2002;Ugbomoiko et al., 2008), who did observe a significant increased risk. The lack of this
evidence maybe due to the fact that animals are not confined, but are found freely roaming
through the village. As a consequence of this they are able to randomly defecate within the
village, which subsequently will increase the likelihood of infecting other habitants beyond
their owner.
In the present study a large proportion of human stools were found to contain A. caninum
DNA. These observations can be explained by (i) A. caninum infections, (ii) passive passage
of A. caninum eggs or larvae that are accidently ingested, but do not result in any infection
and (iii) contamination of stool during sample collection with environmental A. caninum eggs
or larvae. Although it is unlikely that passive passage explains the high proportion of stool
samples containing A. caninum DNA, we have no conclusive evidence for any of the
remaining potential causes either. Traditionally it is assumed that parasite DNA in stool is
due the presence of eggs shed by adult worms. However, up to today there is no evidence yet
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that egg-laying adult A. caninum worms can develop in humans (Croese et al.,
1994a;Landmann and Prociv, 2003;Prociv and Croese, 1990), and hence one would not
expect any amplification of DNA from A. caninum extracted eggs in human stool. In our
study we were not able to provide evidence for the presence of A. caninum eggs in stool, as
the human hookworm N. americanus was also detected in all cases of A. caninum. As a
consequence of this, it is possible that the eggs in stool were shed by adult N. americanus
worms only. A single-egg based speciation would have been ideal. Another potential source
of parasite DNA is DNA that is directly released by immature or mature non-egg producing
worms. To demonstrate the presence of both immature and non-egg producing mature A.
caninum worms expulsion studies are required (Landmann and Prociv, 2003). In these studies
stool is collected over consecutive days following treatment to recover worms, which are then
individually speciated. Both a single-egg based speciation and an expulsion study were out of
scope of the present study. Another aspect that needs to be considered during the
interpretation of our findings is the way the human samples were collected. Although all the
study participants were informed about the importance of the study and need to collect fecal
samples devoid of any soil, stool samples could have been contaminated with soil during
collection because people in the study area defecate in the open and samples might have been
scooped from the ground which could result in the presence of A. caninum DNA in human
stool. In either case, these results emphasize the need for additional epidemiological surveys
across various geographical settings to further explore the role of domestic animals as a
reservoir for zoonotic transmission. It is important to note that this does not only apply for
hookworms, but is also of concern for other soil-transmitted helminths (Trichuris trichiura
and Ascaris lumbricoides). This is because dogs are known to harbor Trichuris spp. (T.
vulpis), which, similarly to canine hookworm species, is known to infect humans causing
symptoms ranging from an asymptomatic infection to diarrhea or even dysentery (Dunn et
al., 2002). T. vulpis has also been reported as a causative agent of visceral larva migrans
(Masuda et al, 1987; Areekul et al, 2010;Sakano et al, 1980).
In the dog stool samples, both known zoonotic hookworm (A. caninum and A. ceylanicum)
species were found. Although A. ceylanicum is the only canine hookworm species that is
known to cause patent infections in humans (Ngui et al., 2013), our present study did not
identify any human A. ceylanicum infections, in spite of detecting it in both soil and canine
stool samples. In contrast, a study from a rural village in Cambodia reported more than half
of the hookworm infected individuals to be positive for A. ceylanicum (51.6%) (Inpankaew et
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al., 2014). A possible explanation for the presence of A. ceylanicum in dogs and soil, but not
in humans, is the existence of two sub species (haplotypes) of A. ceylanicum, one with an
animal origin and one with a human origin (Ngui et al., 2013). To differentiate these
subspecies the cytochrome c oxidase (COX) subunit 1 gene of the hookworm is
recommended (Ngui et al., 2013). In addition, the applied PCR-RFLP method may lack some
sensitivity; this is in particular for mixed infections. As previously illustrated for other gastro-
intestinal parasites (e.g. Giardia; Geurden et al., 2008 and Levecke et al., 2009), genus
specific PCRs will preferentially amplify the most abundant species, and hence presence of
the least abundant species may be underestimated (Geurden et al., 2008;Levecke et al.,
2009b). This could be one possible explanation for missing out zoonotic A. ceylanicum
infections in humans. For the soil samples that were collected from defecating areas, it was
interesting to observe variety of different species of hookworm larvae (A. brazilienze, A.
caninum, A. ceylanicum, A. duodenale and N. americanus). This can be attributed to open
defecation practiced in the study area and indiscriminate defecation by freely roaming stray
dogs. The presence of a single A. braziliensein the soil sample could be attributed to the cats
in the study area. However, in the present study we did not screen cats for hookworm
infection.
There are a few limitations to our present study. First, N. americanus was rarely found in soil
samples, whereas this hookworm species was found in all human stool samples. For this
reason, we determined the analytical sensitivity of the isolation procedure using N.
americanus L3-larvae to confirm efficiency of the assay to isolate and identify the species.
The results of this seeding experiment suggest that the procedure was able to detect 3.5 larvae
per gram of soil, and hence ruling out false negative test results due to loss of larvae. Another
potential cause of absence of N. americanus could be inappropriate storage of the soil
samples prior to the molecular analysis. In this study, the soil samples were first processed
for hookworm-like larvae using modified saline wet mount microscopy, subsequently they
were stored at 4°C (up to 14 months) until further processed for molecular identification.
Unlike Ancylostoma spp., N. americanus stored in cold temperature do not survive long
(Udonsi and Atata, 1987). It is therefore important to mention that the only case of N.
americanus was observed in one out of four samples containing hookworm-like larvae that
were processed almost immediately after collection for molecular speciation. Second, for the
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collection of soil samples, the samples were collected from area around the site of
defecation/presence of stool (human and dog), which makes the selection biased, and hence it
increased the probability of finding hookworm larvae. Third, given that the study is a open-
label, community based cluster randomized trial the study is prone to both outcome
assessment bias and reporting bias. In the outcome assessment bias, the outcome assessers are
aware of the allocation and can report (or ask questions) in a biased fashion so as to make the
intervention look better than it really is. While in the reporting bias, the participants are aware
of the allocation and can report wrongly. For example, in our study, one cycle arm (control
group/arm) might feel left out while the two and four cycle arm might feel they have to take
too many tablets. In conclusion, in our study we regularly detected the presence of A.
caninum DNA in the stool of humans. Whether this is the result of an infection is currently
unknown but it does warrant a closer look at dogs as a potential reservoir. Nevertheless, there
is a need for additional epidemiological surveys across different geographical settings to
further unravel the role of domestic animals as a reservoir for zoonotic transmission, and
ultimately inform the health policy makers to adapt or improve measures to control soil-
transmitted helminths as a public health problem.
CHAPTER 4:
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Egg Isolates Collected During Six Drug Efficacy
Trials in Endemic Countries
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1. Introduction
The soil-transmitted helminths (STHs) are a group of parasitic worms that infect both humans
and animals through contact with worm eggs or larvae present in the soil (referring to their
common name). The primary species that infect humans are Ascaris lumbricoides
(roundworm), Trichuris trichiura (whipworm), Necator americanus and Ancylostoma
duodenale (hookworms) (Bethony et al., 2006). In 2010, it was estimated that ~819 million
people were infected with A. lumbricoides, ~465 million with T. trichiura, and ~439 million
with hookworms, resulting in a global disease burden of ~5.2 million disability adjusted life
years (DALYs; 19.9% of the DALYs attributable to Neglected Tropical Disease) (Pullan et
al., 2014). Periodic treatment of at-risk populations with one of the two benzimidazole drugs
(albendazole and mebendazole) has been advocated as a cheap and effective means of
reducing the worm burden and its related morbidity (WHO, 2011). Where possible, it is also
recommended to use improved water, sanitation and hygiene (WASH) to minimize the rates
of re-infection (Strunz et al., 2014), with the ultimate goal to eliminate soil-transmitted
helminthiasis as a public health problem by 2020 (WHO, 2012).
Although it is commonly accepted that STH infections in humans are caused only by one of
the four human STH species, studies indicate that a variety of animal STHs can develop to
egg-laying adult worms in humans (Areekul, 2010;Traub et al., 2008). Important animal STH
species that are known to cause patent infections in humans, either experimentally or
naturally, are Ascaris suum and Trichuris suis from pigs (Nejsum et al., 2012), and
Ancylostoma ceylanicum from dogs and cats (Traub, 2013). In addition, there are a few
animal STH species for which human patent infections are only recently confirmed (Trichuris
vulpis of dogs) (Areekul et al, 2010;Traversa et al, 2011) or suggested (Ancylostoma
caninum) (as described in Chapter 3).
The studies designed to speciate STHs derived from humans so far indicate that the role of
domestic animals as a zoonotic reservoir should not be underestimated, as animal STH
species are attributable for a considerable proportion of the STH infections in humans. In
addition, they highlight important geographical variation in the distribution of animal STH
species in humans. Ascaris infections in developed countries, where human STH species are
non-endemic, are almost exclusively caused by pig-to-human transmission (e.g., USA
(Anderson, 1995); Denmark (Nejsum et al., 2005); UK (Bendall et al., 2011); Japan (Arizono
et al., 2010)), whereas zoonotic transmission has only been occasionally reported in countries
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where STHs pose an important burden on public health, such as Uganda (Betson et al., 2014)
(<1% of the human derived Ascaris worms were of pig origin), Zanzibar (Sparks et al., 2015)
(2%) and China (Zhou et al., 2012) (14%). Zoonotic Trichuris infections have been reported
in Uganda (Nissen et al., 2012) (10% of the human derived Trichuris worms were of pig
origin) and Thailand (Areekul et al, 2010) (11% of the speciated Trichuris egg isolates from
human stool contained T. vulpis). A. ceylanicum infections are reported in variety of Asian
countries, including Cambodia (Inpankaew et al., 2014) (52% of the speciated hookworm egg
isolates derived from human stool contained A. ceylanicum), similarly in Malaysia (Ngui et
al., 2012c) (23%) and Thailand (0.9%) (Traub et al., 2008). DNA of A. caninum was also
detected in 17% human stool samples (Chapter 3?), suggesting that, in contrast with current
knowledge (Croese et al., 1994a;Landmann and Prociv, 2003), A. caninum may be able to
develop to egg-laying adult in humans assuming that the DNA is solely derived from eggs
and not from DNA of non-adult A. caninum stages. Note that the animal hookworms were at
least the second most prevalent hookworm species in each of the aforementioned studies
involving hookworms. Albeit based on a small number of hookworm egg isolates, A.
ceylanicum infections were rather homogenously distributed across Malaysian villages (~
20%) (Ngui et al., 2012c), whereas it was only found in two of the 50 samples identified
positive for hookworm from a tribal area in India (5%) (Chapter 2). A local scattered
distribution was also observed for A. caninum, the canine hookworm being identified in 7 out
of the 10 tribal villages in India (frequency within villages ranging from less than 5% up to
100%) (Chapter 3).
These studies indeed contribute to a growing body of literature on the role of domestic
animals as a reservoir for STH infections in humans, and although a ‘One Health’ approach
has been proposed for A. ceylanicum (Traub, 2013), it remains unclear whether there truly is
a need for additional measures to reduce the animal-to-human transmission. Probably the
most important reason for the lack of evidence is the means to diagnose STH in large-scale
epidemiological surveys. Traditionally, the diagnosis of STHs is based on the demonstration
of eggs in stool (McCarthy et al., 2012). Although the majority of  current microscopic
techniques are cheap and ease-of-use in the field, they do not allow unraveling the
importance of animal STH species in humans. This is because, it is impossible to differentiate
these animal STH species from their human counterparts on the morphology of the eggs: eggs
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of both human and animal roundworm (45 – 75 x 35 – 50 μm) and hookworms (55 – 79 x 35
– 45 μm) are identical (Brooker et al., 2004;Leles et al., 2012). Although the eggs of the
canine whipworm T. vulpis (70 – 90 x 32 – 41 μm) are traditionally larger than the human
whipworm T. trichiura (50 – 58 x 22 – 27 μm), speciation of the eggs based on the size
remains unreliable. There is an overlap in the length of the eggs of both species that could
mislead diagnosis based on the egg dimension only. Yoshikawa and colleagues (1989)
reported the presence of both small (57 x 26 μm) and large (78 x 30 μm) eggs in the uteri of
adult female T. trichiura worms (Yoshikawa et al., 1989). Moreover, this misdiagnosis may
worsen when T. trichiura eggs are recovered shortly after treatment, as the egg morphology
may change due to the administration of benzimidazoles, increased size being one of the
morphological changes (Steinmann et al., 2015). As a consequence of this, reports drawing
conclusions on zoonotic T. vulpis infections based on the size of eggs should be interpret with
caution (Steinmann et al., 2015;Traversa et al, 2011). With the recent advances in molecular
technologies a variety of techniques (e.g. PCR, PCR-RFLP and qPCR (Areekul et al,
2010;Ng-Nguyen et al., 2015;Traub et al., 2004b)) have been developed to molecularly
differentiate various STH species, but they are so far rarely applied. The present study aimed
to assess the distribution of both animal and human STH across different geographical
settings where STHs are endemic.
2. Material and Methods
2.1. Ethics Statement
The overall protocol of the mebendazole trial was approved by the Ethic committee of the
Faculty of Medicine, Ghent University (reference no. 2011/374), which was followed by a
local ethical approval at each trial site. For Brazil, ethical approval was obtained from the
Institutional Review Board (IRB) from Centro de Pesquisas René Rachou (reference no.
21/2008). For Cambodia, from the National Ethic Committee for Health Research (reference
no. 185). For Cameroon, from the National Ethics Committee (reference no.
147/CNE/DNM/11). For Ethiopia, from IRB of Jimma University (reference no.
RPGE/09/2011). For United Republic of Tanzania, from the Zanzibar Health Research
Council (reference no. 20/ZAMREC/0003/JUNE/2012), and for Vietnam, by the Ethical
Committee of National Institute of Malariology, Parasitology and Entomology and the
Ministry of Health (reference no. 752/QD-VSR). The parents of all subjects included in the
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studies signed an informed consent form. In Brazil and Ethiopia an informed consent form
was obtained from children aged 10 or 11 years and above. In Cambodia and Ethiopia, a
verbal assent was obtained from all children and these procedures were approved by their
respective IRB. This trial was registered under the ClinicalTrials.gov, identifier no.
NCT01379326
2.2. Selection of Isolates
The STH isolates used for the present study were collected as part of a multicentric drug
efficacy study designed to assess the efficacy of a single-oral dose of 500 mg mebendazole
against STH infections in children. This study was conducted in six STH-endemic countries
across Africa (Cameroon, Ethiopia and Tanzania), Asia (Cambodia and Vietnam) and Latin-
America (Brazil). The details of this drug efficacy study have been described elsewhere
(Levecke et al., 2014b). Each of the different study sites preserved approximately 100 stool
samples of subjects excreting eggs of any STH species at baseline (1 gram of stool in 10 ml
of 70% ethanol). The detection of eggs of stool was based on the McMaster egg counting
method (Levecke et al., 2011a). These samples were subsequently sent to the Laboratory of
Parasitology, Ghent University, Belgium for the molecular differentiation of the isolates.
Per study site a random set of 40 samples were selected for further molecular speciation,
except for Tanzania and Vietnam. Given the high frequency of mixed STH infections,
representing Ascaris, Trichuris and hookworm infections, we only selected 20 samples from
Tanzania. For Vietnam, samples were lost during shipment, and as a consequence of this a
molecular speciation could only be performed on 27 samples.
2.3. Extraction of DNA from eggs in stool
Genomic DNA was extracted from STH eggs using the QIAamp DNA stool mini kit. To this
end, 200 μl of the stool suspension (1g in 10 ml of 70% ethanol) was used to extract DNA
according to the manufacturer's recommendations. However, prior to DNA extraction the
suspension was subjected to 3 freeze-thaw cycles (liquid nitrogen for 2 min and subsequently
transferring them to 95°C for 5 min).
2.4. Molecular Speciation
We applied general semi-nested PCR separately for each of the three STH genera (Ascaris,
Trichuris and hookworms). The primers for each of these PCRs targeted the ITS-1, 2 and 5.8s
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region and were designed using EditSeq™ and MegAlign™ (Lasergene®, DNASTAR, Inc).
All the reactions were performed in a volume of 25 µl containing 2.5 µl DNA, 0.5 µl of each
primer (10 mM), 0.5 µl dNTP (10 µM), 1 µl MgCl2 (25 µM), 5 µl GoTaq Flexi buffer,
14.875 µl PCR-grade water and 0.125 µl GoTaq Flexi DNA polymerase. Both a negative
(water) and positive (control DNA) control was included in each run. The following
conditions were used: 2 min at 95°C (initial denaturation), 34 cycles of 30 s at 95°C
(denaturation), 30 s at 55 °C (annealing), 30 s at 72°C (extension), followed by a single step
of 10 min at 72°C (final extension). The amplified product was detected using 1.5% agarose
gel electrophoresis using ethidium bromide. Further speciation was based on restriction
fragment length polymorphism (RFLP) for Ascaris and hookworm, and species-specific
PCRs for Trichuris.
2.4.1. Ascaris
The semi-nested Ascaris PCR was performed using the first round forward primer AsITF-Ext
(5'-CCGGGCAAAAGTCGTAACAA-3') and the second round forward primer AsITF-Int(5'-
TCCGAACGTGCACATAAGTAC-3') along with the common reverse primer As ITSR - (5'-
CATATACATCATTATTGTCACGC-3'). These primers were designed using the sequence
of A. lumbricoides (GenBank accession nos. AB571298, AB571297, AB571301) and A.
suum (GenBank accession nos. AB571302, AB576592). The PCR resulted in a product size
of 850 bp. Differentiation between A. lumbricoides and A. suum (Figure 4.1.) was performed
as described by Zhu and colleagues (Zhu et al., 1999). In short, the second round PCR
product was digested using restriction enzyme HaeIII at 37°C for 13 hours. HaeIII digests
PCR products of A. lumbricoides into two (515 bp and 334 bp) and of A. suum into three (515
bp, 228 bp and 106 bp). The digested product was detected using 2% agarose gel
electrophoresis using ethidium bromide (Figure 4.1.).
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Figure 4.1. Determination of Ascaris lumbricoides and Ascaris suum using PCR-RFLP
analysis. Lane 1 contains PCR product of Ascaris suum (515, 228 and 106 bp) digested by
HaeIII, Lane 2 is the negative control, Lanes 3 to 5 contains PCR product of Ascaris
lumbricoides (515 and 334 bp) digested by HaeIII
2.4.2. Trichuris
The semi-nested PCR was performed using the common forward primer UGTF (5'-
TGACAACGGTTAACGGAGAAT-3'), the first-round reverse primer UGTR-Ext (5′-
TCAAGTCGCCAAGGACACTC-3′) and the second-round reverse primer UGTR-Int (5′-
CGACTCCTGCTTAGGACGAC-3′). These primers were designed using the sequence of T.
trichiura (GenBank accession nos. GQ301554, GQ301555, GQ352554), T. suis (GenBank
accession nos. AM993010, AM993012, AM993014, AM993016) and T. vulpis (GenBank
accession no. AM234616).
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Figure 4.2. Determination of Trichuris trichiura, Trichuris vulpis and Trichuris suis using
semi-nested PCR. Lane 1 and 2 are negative controls. Lane 3 to 12 are known Trichuris
positive samples.
Figure 4.3. Determination of Trichuris trichiura, Trichuris vulpis and Trichuris suis using
nested PCR that would help differentiate T. trichuria/T. suis from T. vulpis . Lane 1 contains
PCR products of Trichuris vulpis (212 bp). Lane 2 contains PCR products of Trichuris suis
(207bp) while Lane 3 contains PCR products of Trichuris trichuira (207bp). Lane 4 is the
negative control.
The first-round PCR resulted in a product of 399 bp, while the second-round PCR resulted in
a product of 327 bp (Figure 4.2.). Unlike Ascaris and hookworm, differentiation of T.
trichiura/T. suis from T. vulpis was done using species-specific primers that bind to the
interspecies conserved regions of the SSUrRNA region of Trichuris genome as described by
Areekul and colleagues (Areekul et al, 2010). This PCR differentiates T. trichuria/T. suis
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from T. vulpis giving a product size of 207 bp and 212 bp respectively (Figure 4.3.). The
amplified product was detected using 1.5% agarose gel electrophoresis using ethidium
bromide. A subset of SSUrRNA region of Trichuris were sequenced and compared with
reference sequences using MegAlign (Lasergene®, DNASTAR, Inc).
2.4.3. Hookworm
A semi-nested hookworm PCR was performed as previously described in Chapter 2. The first
round of this PCR results in an amplicon of 597 bp and 449 bp for N. americanus and
Ancylostoma spp, respectively. While the second PCR product results in an amplicon of 552
bp for N. americanus and 404-408 bp for Ancylostoma spp. Further characterization of
Ancylostoma spp. was done using RFLP. To this end, the second-round PCR products were
digested using the restriction enzymes MvaI and Psp1406I at 37°C for 13 hours. MvaI digests
PCR products of A. ceylanicum into two (340 bp and 64 bp), but does not digest A. duodenale
and A. caninum. Psp1406I digests A. duodenale PCR products into two (255 bp and 149 bp),
but does not digest A. ceylanicum and A. caninum. The lysed product was detected using 2%
agarose gel electrophoresis using ethidium bromide.
3. Results
In the present study a total of 207 STH isolates from an equal number of subjects were
examined for the presence of both human and animal STH species. Of them, 165 (79.7%)
were found positive for at least one of the three general semi-nested PCRs. DNA of Ascaris
was detected in 71 (34.2%) samples, of which all were identified to be the human A.
lumbricoides. In 87 (42.0%) samples, DNA of Trichuris spp. was found and further
speciation indicated the presence of T. trichiura in all the samples. In 7 samples from
Cameroon, DNA of the canine T. vulpis was also detected. The phylogenetic tree is provided
in Figure 4.4, and highlights that each species identified by the PCR-RFLP cluster nicely
together with their respective reference sequences. The human-derived T. vulpis and T.
trichiura sequences clustered with T. vulpis and T. trichiura reference sequences, respectively
(GenBank accession no. GQ352557, GQ352556, GQ352558). Hookworm DNA was detected
in 104 samples (50.2%). The majority of hookworm isolates were identified as N. americanus
(n = 73; 35.2%) followed by A. duodenale (n = 40; 31.5%). No animal hookworm species
were found. Mixed N. americanus and A. duodenale were observed in 9 samples (0.4%). The
distribution of the different STH species is provided in Table 4.1.
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Table 4.1. Distribution of Ascaris, Trichuris and hookworm spp. in six different endemic countries
Country N Ascaris Trichuris Hookworm
A. lumbricoides A. suum T. trichiura T. vulpis N. americanus A. duodenale
Brazil 40 20 0 19 0 17 3
Cambodia 40 0 0 0 0 21 10
Cameroon 40 17 0 23 7 3 14
Ethiopia 40 15 0 15 0 10 3
Tanzania 20 14 0 20 0 8 10
Vietnam 27 5 0 10 0 14 0
Total 207 71 0 87 7 73 40
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Figure 4.4. Phylogenetic tree constructed using Pairwise Alignment to draw inferences on
relationship between different Trichuris species.
Sequences were aligned by pairwise alignment using the ClustalW method with MegAlign
DNASTAR software. The pairwise alignment was done to draw inference on the relationship
between various Trichuris species. A bootstrap consensus tree inferred from 100 replicates
was used to generate the tree.
4. Discussion
It is traditionally accepted that STH infections in humans are caused by the human STH
species only (A. lumbricoides, T. trichiura, N. americanus and A. duodenale). However,
recent epidemiological studies applying molecular techniques indicate that the role of
domestic animals as a zoonotic reservoir for STH infections in humans should not be
underestimated (George et al., 2016;Nejsum et al., 2012Areekul et al, 2010;Traub, 2013). In
the present study we molecularly speciated STH isolates collected from children during a
drug efficacy study in six STH-endemic countries across Africa, Asia and Latin America,
with the aim to gain insights into the distribution of both human and animal STH species.
Our results highlighted that the STH infections were almost exclusively caused by human
STH species. Only in Cameroon DNA of the canine T. vulpis was detected in 7 out 23
subjects infected with Trichuris (Table 4.1.). Our findings are in line with molecular studies
conducted in northwestern Thailand where they found 6 out of 56 subjects excreting eggs T.
vulpis (Areekul et al, 2010), and they contribute to the evidence that T. vulpis may cause
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patent infections in humans. The burden of disease caused by this animal STH species in
humans however is unclear. In the present study, no animal Ascaris and hookworms were
identified. The absence of zoonotic Ascaris transmission confirms literature, indicating that
pig-to-human transmission is mainly found in countries where human STH are not endemic
(cfr. Introduction). Moreover, in some countries pigs are already rare or absent due to cultural
habits (e.g., Ethiopia and Tanzania (Pemba)), and hence zoonotic transmission is already
unexpected, though pig-to-human transmission cannot be entirely excluded (Sparks et al.,
2015). However, the findings of the present study are in contrast to our previous studies
(discussed in chapters 2 and 3) were evidence of zoonotic transmission was observed,
particularly for A. ceylanicum. This animal hookworm has been previously detected in
humans from Asian countries included in the present study, such as Cambodia (52% of the
hookworm egg isolates derived from human stool) (Inpankaew et al., 2014), highlighting
once more the geographical variation in the transmission of zoonotic hookworm species
(Ngui et al., 2012a;Ngui et al., 2014a). At this stage it is difficult to explain this geographical
variation. The most apparent factors might be differences in (i) the prevalence of animal
STHs in their natural hosts, (ii) the population size of dogs or cats (iii) the existence of two
sub species (haplotypes) of A. ceylanicum, one with an animal origin and one with a human
origin (Ngui et al., 2013) and (iv) the way these animals and human populations interact with
each other. The latter is probably the most important, as animals are often abundant and
infected in the involved STH-endemic countries. For example, in Vietnam A. ceylanicum is
highly prevalent in dogs (half of the dogs are infected with hookworms, of which more than
60% identified as A. ceylanicum) (Ng-Nguyen et al., 2015).
The present study has three major limitations. First, this study was embedded into a multi-
centric clinical trial designed to assess the efficacy of mebendazole against STH infections in
children. As a consequence of this, our STH egg isolates do not represent a random sample
from the total population of STHs. Second, we deployed general genus primers into our PCR
protocols for Ascaris, Trichuris and hookworms. An important disadvantage of this approach
is that it will amplify DNA of the most abundant species, and hence we might have missed
potential mixed infections with human and animal STH species (e.g. A. ceylanicum). Third,
we are not able to draw conclusions on the absence of T. suis infections, as the applied primer
set did not allow to differentiate the swine from the human whipworm. However, sequence
results of a selection of T. trichiura/T. suis products only revealed T. trichiura. Finally, we
were not able to quantify the STH species infections within a sample; rather we confirmed
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the presence or absence of different STH species. This quantification of STHs would be
particularly interesting to assess the relative contribution of T. vulpis and T. trichiura in the
isolates from Cameroon. In conclusion, our study indicates that STH infections in humans are
predominantly caused by human STH species, and suggest that zoonotic transmission mainly
occurs on a more local scale. As a consequence of this, it will be important to further speciate
human derived STHs to identify hot spots of zoonotic transmission, and to subsequently
develop and implement local control strategies to reduce animal-to-human transmission.

CHAPTER 5
Use of Chitinase to Extract DNA from STH Eggs
Present in Stool: a Technical Note
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1. Introduction
Complete lysis of the nematode eggshell is crucial for a successful extraction of DNA, and
subsequently for accurate and precise test results downstream. In the past a variety of DNA
extraction methods have been used to extract DNA from STH eggs in stool, including heat-
shock steps, chemical treatment with detergents (e.g. SDS) and enzymes (e.g. proteinase K),
and bead beating (Leles et al., 2009;Traub et al., 2008). However, studies applying these
methods often reveal a poor recovery rate (no amplification of DNA in samples where STH
eggs were diagnosed), particularly for Ascaris and Trichuris (Carlsgart et al., 2009;Leles et
al., 2008). For example, in our study described in Chapter 2 and 3 only 82% and 83.2% of the
samples identified positive by microscopy were positive on PCR, respectively. Similarly, in
our study described in Chapter 4, not all samples identified positive for one of the three STH
species were positive for their respective PCRs. Furthermore, some of these procedures are
quite time consuming, impeding processing a large number of samples. An enzyme that
potentially would increase the lysis of the eggshell is chitinase. The eggs of soil transmitted
helminth are known to contain an outer protein coat, a middle chitinous shell and an inner
lipid layer. As illustrated in Figure 5.1. the egg shell of Ascaris spp. consists of all these three
layers (Rogers, 1956) - the chitinous shell is the thickest (3 – 4 μm vs. 1.5 μm protein coat vs.
0.8 – 1.0 μm lipid layer). Similarly, in case of Trichuris, the middle chitinous layer is the
thickest measuring up to 4 microns in thickness (Inatomi, 1960) while both inner lipid layer
as well as the outer protein (vitilline) layer are comparatively much thinner (Wharton, 1980).
In this technical note, we verified whether a chitinase treatment would improve the PCR
success rate on DNA extracted from eggs in stool by breaking down the egg shell.
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Figure 5.1. Fertilized egg of Ascaris suum. P - Protein Coat, S - Chitinous Shell, L - Lipid
Layer. (Rogers, 1956)
2. Method
2.1. Sample Selection
Ten stool samples that tested positive by the McMaster egg counting method either for
Ascaris eggs (n = 10) or Trichuris egg (n = 7) were used for the present study. These samples
were collected from school children in Ethiopia and were subsequently preserved in 70%
ethanol (1 gram of stool in 10 ml).
2.2. DNA Extraction and Molecular Speciation
A schematic representation of the experiment has been illustrated in the Figure 5.2. DNA was
extracted from each sample by two different approaches. In the first approach, one ml of stool
sample with ethanol was taken and the ethanol was evaporated at 40 - 50 °C using a dry bath.
A volume of 20 µl of proteinase K along with 1.4 ml of ASL buffer (QiaAmp® Stool mini
kit) was added into the tube and vortexed for 15 min. The suspension was then put in a 50 -
60°C water bath for 2 hours. Finally the suspension was then subjected to 3 freeze-thaw
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cycles (liquid nitrogen for 2 min and subsequently transferring them to 95 °C for 5 min). The
final stool suspension that was left after the treatment was then subjected through genomic
DNA extraction using the QIAamp® DNA stool mini kit. To this end, 200 μl of the stool
suspension was used to extract DNA according to the manufacturer's recommendations.
In the second approach, one ml of stool sample with ethanol was taken. Similar to the first
approach, the ethanol was evaporated from the stool samples and 20 µl of proteinase K along
with 1.4 ml of ASL buffer (QiaAmp® Stool mini kit) was added and vortexed for 15 minutes.
The suspension was then put in 50 - 60 °C water bath for 2 hours. This was followed by
addition of 50 µl of chitinase enzymatic stock solution (concentration of 1.10 mg/mL). The
enzymatic stock solution was prepared by dissolving the lyophilised enzyme in 0.05 M
phosphate buffer, pH 6.0 to get a final concentration of concentration of 1.10 mg/mL.
Following chitinase treatment the stool suspension was subjected to 3 freeze-thaw cycles as
described above. The genomic DNA was extracted using the QIAamp® DNA stool mini kit
using 200 μl of the above stool suspension.
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Figure 5.2. A schematic representation of the experiment done in both the chitinase and the
control arm
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3. Result and Discussion
Figure 5.3. describes the results of the PCR assays. When samples were not treated with
chitinase, Ascaris DNA was not detected in any of the 10 samples, while Trichuris DNA was
detected in 3 out of 7 samples. This was in sharp contrast to when the samples were treated
with chitinase. In the latter, DNA of both STH species was detected in all samples. Findings
of the present study indicate that use of chitinase treatment prior to DNA extraction helps in
better yield of DNA from helminth eggs. The limitation of the present study is the small set
of samples, and further larger studies are required to confirm these results. In addition, the
current protocol has an elaborate pre-treatment procedure making it time consuming,
laborious and expensive. Therefore, in future, further experiments have to be carried out to
minimize the number of steps without affecting the DNA yield. In conclusion, inclusion of
chitinase treatment prior to DNA extraction has proved to be an effective tool to successfully
extract the genetic material, however, this findings needs to be further explored.
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Figure 5.3. Detection of Ascaris and Trichuris DNA in samples treated with and without
chitinase. (a) Ascaris PCR performed on DNA extracted without chitinase treatment. (b)
Ascaris PCR performed on DNA extracted after chitinase treatment. (c) Trichuris genus-
specific PCR performed on DNA extracted without chitinase treatment. (d) Trichuris genus-
specific PCR performed on DNA extracted after chitinase treatment.

CHAPTER 6
General Discussion: The Role of Domestic Animals
in the Transmission of STH Infection in Humans
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1. Introduction
The main objective of this doctoral thesis was to understand the role of domestic animals in
the transmission of STH infection in humans. To this end, four research studies were
conducted to (i) understand the distribution of both human and animal hookworm species in
children and adults in tribal communities from Jawadhu Hills, southern India (Chapter 2 &
3), (ii) identify the role of dogs in the transmission of hookworm in the same tribal
community (Chapter 3), (iii) further explore the zoonotic STH distribution in children across
six other STH endemic countries (Chapter 4). Finally, we have made a technical note on
how to improve the DNA yield from Ascaris and Trichuris eggs (Chapter 5).
The objective of this Chapter is to first consolidate all the findings from the aforementioned
research studies.  Second, we will critically assess the shortcomings and limitations of this
dissertation, and how to overcome these limitations in the future. Finally, we will discuss
future initiatives that could pave the path for appropriate and relevant STH control measures
for endemic settings.
2. The role of domestic animals in the transmission of STH infection in humans
The first step in this research work involved developing molecular techniques, described in
Chapters 2, 3 and 4. We used PCR and/or PCR-RFLP approach to differentiate five species
of hookworm known to cause infection in humans, including A. brazilienze, A. caninum, A.
ceylanicum, A. duodenale, and N. americanus (Chapters 2, 3 and 4), two Ascaris spp. (A.
lumbricoides and A. suum) and two Trichuris spp. (T. trichiura/T. suis and T. vulpis) as
discussed in Chapter 4.
In the past, many studies have shown that animals play a role in the transmission and
perpetuation of STH infection in humans (Inpankaew et al., 2014;Ngui et al., 2012c;Traub,
2013;Traub et al., 2005). This further depends on the proximity of human and animal
dwellings and frequency of contact with the animals. Spread of animal STH infections is high
when the animals are free ranging or not restrained, as they indiscriminately contaminate the
living surroundings with infected feces (Chapter 3). Various animals, most importantly dogs
and pigs are reservoirs of most common zoonotic STH species (A. ceylanicum, A. caninum,
T. vulpis, T. suis and A. suum) (Crewe and Smith, 1971;Mirdha et al., 1998;Shalini Thapar
Laroia et al, 2012;Traub et al., 2005).
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2.1. STH Species in Jawadhu Hills
In India, there is a limited information on intestinal parasitic infections among tribal
population. In Jawadhu Hills the living conditions are poor, with inadequate sanitation, large
number of freely roaming stray dogs, which makes these populations more vulnerable to
acquire parasitic infections, which can be of either human or animal origin. Therefore, we
examined the stool samples collected from people of these communities to understand the
role of domestic animals in the transmission of hookworm infection in humans by
determining species causing the infection. In the first study from Jawadhu Hills community,
we speciated hookworms eggs from stool samples collected from children below 15 years of
age. We found predominantly human hookworm species, N. americanus being the most
prevalent. Interestingly, in this study, we also found a small proportion of individuals
shedding A. ceylanicum eggs indicating evidence of zoonotic transmission in humans in this
community.
Based on the findings discussed on Chapter 2, we wanted to further explore the role of
domestic animals in this community for the transmission of hookworm infection in humans.
To this end, we conducted a second study in Jawadhu Hills villages, wherein stool samples
were collected from humans from all age groups. The findings of this study confirmed that N.
americanus is the predominant cause of hookworm infection in humans. Interestingly we
found that a substantial proportion of human stool contained eggs of A. caninum (16.8%).
However, based on the evidence from the past, only A. ceylanicum is known to cause patent
infection in humans. Therefore the presence of A. caninum in the human stool samples
warrants a closer look at dogs to further unravel their role as a reservoir for zoonotic
transmission in this STH endemic community. For this purpose, single egg based or worm
expulsion studies are required to determine if A. caninum can cause patent infections in
humans. Furthermore, in our study, through a structured questionnaire it was revealed that
more than half of the study population had contact with dogs. The dogs in Jawadhu Hills are
semi-domesticated, but mostly are left stray and live in close proximity to human dwellings.
To identify the major source of human A. caninum infection, to which the community is
constantly exposed, we collected dogs stool samples and soil samples. This provided insights
on the distribution of hookworm in dogs and in the soil. It was found that A. caninum (76.4%)
was the predominant species to cause hookworm infection followed by A. ceylanicum
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(27.9%) in the dogs. The most prevalent hookworm in the soil was A. ceylanicum (57.0%)
followed by A. caninum (28.0%). In spite of finding N. americanus in humans we did not find
any in soil. Our sensitivity assay to detect N. americanus proved that in our study discussed
in Chapter 3, failure to detect N. americanus larvae in soil was not attributed to the assay per
se, rather to the sample storage and duration. Overall, our findings were consistent with
studies conducted around the world, which have also reported high prevalence of canine
hookworm in dogs (Addis, 2012;Liu et al., 2015;Mahdy et al., 2012;Ng-Nguyen et al., 2015).
For example, a study done in Central Vietnam found, more than half of the dogs to be
infected with hookworms, with predominance of A. ceylanicum followed by A. caninum (Ng-
Nguyen et al., 2015). Another study from northeast of India found 98.0% of the dogs to be
infected with hookworm using both microscopy and molecular techniques (Traub et al.,
2004b). Further speciation revealed A. caninum to be the predominant hookworm followed
by A. brazilienze.
Although, in our first study in Jawadhu hills we found A. ceylanicum infection in humans, we
did not find any A. ceylanicum infection in humans in our second study, even though we
found high proportions of A. ceylanicum positive dog stool samples and soil samples. The
failure to pick A. ceylanicum in humans, in future, we would need to repeat our molecular
speciation experiments using new set of primers that binds to the COX 1 region of A.
ceylanicum genome. As described by Ngui et al., A. ceylanicum can be of either dog or
human origin (Ngui et al., 2013). The findings from this further molecular analysis would
further shed light on the origin of A. ceylanicum, and hence the possible role dogs play in the
transmission of zoonotic hookworm in Jawadhu Hills.
2.2. STH Species in Six Endemic Countries
The findings from the multi-centric study (Chapter 4) also showed predominance of N.
americanus, but also that the distribution of human hookworm species varies across various
geographical settings. This finding is important because the severity of clinical manifestations
vary considerably between Ancylostoma spp. and N. americanus. In our study discussed in
Chapter 4, in Asia (Cambodia, Vietnam) and Latin-American (Brazil), N. americanus was
more prevalent. A. duodenale was more prevalent in Africa (Cameroon and Tanzania) except
Ethiopia. The higher prevalence of human STH species (A. duodenale/N. americanus -
50.2%; T. trichiura - 42%; A. lumbricoides - 34.2%) indicates the predominance of human-
to-human transmission dynamics of STH infections. This could be attributed to various
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human risk behaviors such a practice of open field defecation, negligence to use footwear,
drinking contaminated water without prior treatment, eating fruits and vegetables without
proper washing and handling/playing in mud without practicing proper hand hygiene (Alelign
et al., 2015;Gelaw et al., 2013;Jiraanankul et al., 2011;Kattula et al., 2014;Parajuli et al.,
2015;Ranjan et al., 2015).
In both our study settings - Jawadhu Hills and multicentric study in six endemic countries, it
was seen that the distribution of zoonotic hookworm was focal. However the reason for a
focal distribution is currently not well understood. In Jawadhu Hills, there was a large
variation in A. caninum infections across villages. At a more global scale, zoonotic infections
was seen only in one country (Cameroon). This focal distribution could be attributed to either
the animal-to- human interaction and/or geographical, religion or culture reasons. For the
former, understanding interactions between animals and humans are critical in preventing
spread of zoonotic STH infection. A study done in Cambodia found higher prevalence of
zoonotic hookworm infection (A. ceylanicum- 52%) in humans (Inpankaew et al., 2014), with
the ratio of dogs per household to be 1.4 (94/67), indicating a close animal-human interaction
as a significant risk factor (Inpankaew et al., 2014). But in our study, although density of dog
population in the village was high, it was difficult to establish the ratio of dog exposure per
household, because dogs in this community are semi-domesticated and left stray to roam and
people randomly get in contact with these dogs multiple times.
Similarly, geography, religion and culture can also play a role in the transmission of zoonotic
STH infection. For example, a study by Chammartin et al., on Bolivian population found that
the wetter climate favors transmission of A. lumbricoides (Chammartin et al., 2013). While
higher altitude favored transmission of hookworm infections, but reduced that of not T.
trichiura (Chammartin et al., 2013). Although the findings are for human STH species, it
could also hold true for their animal counterpart. In addition, a study by Betson et al., found
that countries that practiced Islam had no Ascaris worms of pig origin, while in countries like
Uganda, where it is common to have household pigs, humans were found to be infected with
Ascaris of pig origin (Betson et al., 2014;Fisheries - Ugandan Ministry of Agriculture Animal
Industries and Fisheries, 2011). However, in Jawadhu Hills, a Hindu predominant region,
while most of the families were found to domesticate pigs, no humans were found to have
Ascaris infections. In future, to get better evidence, we would screen pigs from Jawadhu Hills
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to understand why humans were not infected with either Ascaris spp and/or Trichuris spp.
The findings from this study can lead to two possible conclusions. One, that the pigs have
Ascaris infection and does not transmit to humans. Two, pigs in Jawadhu Hills have no
Ascaris infection and therefore humans do not get infected. The two species, though
biologically separate, are closely related and have shown only slight morphologic and
physiologic differences (Barriga, 1982).
In addition, the origin of Ascaris species is not well defined and whether A. lumbricoides and
A. suum are truly distinct species has always been a point of discussion. A study by Leles et
al. (Leles et al., 2012) has suggested four hypotheses to address whether the organism
belongs to the same species or not: 1) Both human and swine Ascaris species, A.
lumbricoides and A. suum were valid species, but originated via a speciation event from a
common ancestor sometime before the domestication of swine by humans, 2) A. lumbricoides
in humans is derived directly from the species A. suum found in swine, 3) A. suum is derived
directly from A. lumbricoides, and finally, 4) A. lumbricoides and A. suum are the same
species. Taking into account the history of close contact between humans and wild swine,
their conclusion was that both A. lumbricoides and A. suum were a single species because of
their high levels of genetic similarity between the complete mitochondrial DNA genomes.
This hypothesis is supported by studies showing both low morphological and low genetic
divergence at several genes. The studies have also highlighted that only a single interbreeding
population of Ascaris exists, and the genotypic and phenotypic differences are only
manifested at the population level. This has led to the recommendation that the names be
made synonymous and A. lumbricoides take a dominant hand (Leles et al., 2012).
An important limitation of our studies is their design. None of the studies were designed to
explore the epidemiology of STHs, rather they aimed to assess the efficacy of short (Chapter
4) or long term efficacy (Chapter 2 and 3) of anthelminthic drugs. Community based
sampling would have given a more clearer understanding of geographical distribution with
regard to both animal and human STH species. Our results highlight that the STH infections
were almost exclusively caused by human STH species and the role of domestic animals must
not be ignored while addressing control measures for STH infection. But one should bear in
mind that the zoonotic transmission is more likely to occur in developed in countries,
whereas in developing countries human-to-human transmission is more likely to be
important.
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3. Limitations and Challenges with Diagnostics
3.1. Microscopic Examination
In the study done in Jawadhu Hills, upon receiving the stool sample, the preliminary
examination for the presence of intestinal parasite was done using saline wet mount
microscopy. The samples that were identified positive for hookworm by saline wet mount
microscopy were then processed using McMaster egg counting method to estimate the
intensity of infection. Although the saline wet mount smear indeed lacks sensitivity, for each
individual up to 5 stool samples collected over consecutive days were screened to increase
the sensitivity (Kang et al., 1998). We believe the use of WHO recommended Kato-Katz or
McMaster (alternative method - (Levecke et al., 2011a)) in Jawadhu Hills would have given
more accurate or reliable results for both detection and enumeration of helminth eggs.
Therefore, for our future studies either FLOTAC or Mini-FLOTAC could be used to screen
all the samples as this has a much greater sensitivity (Nikolay et al., 2014).
3.2. Low Sensitivity of PCR
As seen in our studies, samples that were selected for molecular characterization were the
ones that were previously identified positive by microscopy. It was seen that not all sample
identified positive by microscopy were positive on PCR. In the past, a study by Traub et al.,
also attributed missing out on microscopic STH positive samples by PCR to low PCR
sensitivity (Traub et al., 2004b). In this study two percent microscopic stool samples failed to
be picked up by the PCR (Traub et al., 2004b). The low sensitivity to PCR can be due to
many factors, which include storage of the samples, presence of PCR inhibitors, and low
DNA yield. Each of these factors have been discussed below.
3.2.1. Sample Storage and Duration
Studies have found that medium used to store the sample and duration of storage can have an
effect on the efficiency of PCR. For example, a study on fecal sample storage conditions for
the preservation of Giardia intestinalis DNA, found 2.5% potassium dichromate to be the
most suitable (Kuk et al., 2012). Many large scale epidemiological and efficacy studies in the
past preferred storing of stool samples in 70% ethanol for further downstream molecular
studies. It is well known that any organism when subjected to alcohol can create small
changes in the composition its of cell membranes, which can result in chemical and physical
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imbalance in cells (Mazzeo et al., 1988;Patra et al., 2006). It is hence believed that ethanol
can alter the protein composition thereby substantially reducing the effect of proteinase K,
which is used during the extraction procedure. In such cases the extraction of genetic material
fails resulting in false negative PCR. In a study done by Pelayo et al., fecal samples were
collected from 95 school going children identified positive for Giardia and stored at -20 ºC in
70% ethanol. The study found that the preservation procedure had a harmful effect on the
cysts as downstream molecular techniques was successful only in 20 of the 95 samples
(Pelayo et al., 2008). In the multi-centric study discussed in Chapter 4, all the samples were
stored in ethanol and this might have resulted in a change in the protein shell composition
which in turn led many samples turning PCR negative although they were microscopic
positive.
On the other hand, the duration of sample storage can also have an effect on the molecular
diagnosis of the samples (Ch. Wardell and Harry McClure, 1911). The stool samples for the
multicentric trial were stored for over 3 years in 4ºC before they were used for molecular
characterization, which could also explain the low PCR positivity. Finally, the temperature
that the stool samples are stored is also very important, as the STH eggs present are
susceptible to damage caused by unregulated chemical kinetics at higher temperatures. While
such actions at lower temperature can be prevented resulting in the longevity of the any
organism present in stool. For example, in our study discussed in Chapter 2 it was seen that
82.0% of the samples identified positive by microscopy for hookworms were picked up by
the PCR when the stool samples were stored in -70C, while in another study discussed in
Chapter 4, only 50.2% were identified positive for hookworms when stored in 70% ethanol
and 4ºC. In future for a much more efficient molecular diagnosis, we would recommend the
stool samples to be stored in -70 C°.
3.2.2. PCR Inhibitors
It is widely accepted that PCR inhibitors are the most common cause for a failure in DNA
amplification even when sufficient DNA copies are present in the extracted material (Ngui et
al., 2012a;Traub et al., 2004b). However the ways to overcome has not been discussed in
these studies. The ways to remove inhibitors from the stool samples while extracting DNA
have been consolidated in Table 6.1.
In stool samples, either dissolved or solid, organic or inorganic substance can appear as PCR
inhibitors. In our case the most common PCR inhibitors might be organic compounds, such
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as ethanol, SDS and different proteins (Radstrom et al., 2003;Radstrom et al., 2004).
Although the low DNA yield cannot be ruled out. PCR inhibitor may interfere with different
steps of PCR analysis (Schrader et al., 2012). For the inhibitory effect, in addition to the class
of PCR inhibitor, the concentration of the compound also plays a substantial role.
Table 6.1. Additional methods for the removal of PCR inhibitors from stool
Methods for removal of inhibitors Reference
Heat treatment before PCR (Monteiro et al., 1997)
Dilution of the sample (Scipioni et al., 2008a;Scipioni et al., 2008b)
Selection of resistant polymerases (Abu Al-Soud and Radstrom, 1998)
Chloroform extraction (Hale et al., 1996)
Treatment with activated carbon (Chaturvedi et al., 2008)
Apart from the PCR inhibitors, there might be other problems as well that leads to failure to
detect the parasite using PCR. One such is when the extracted DNA is absorbed into the
polymeric surfaces such as the wall of reaction tube while processing the sample, DNA
extraction and/or PCR (Fox et al., 2007;Gonzalez et al., 2007), which may a profound effect
on the PCR result. Also the presence of proteases or detergents (SDS) can degrade DNA
polymerase (Powell et al, 1994).
3.2.3. Efficiency of DNA Extraction
Extraction of DNA from STH eggs can often be laborious and difficult due to the complex
structure the helminth eggs have, that require one or more pre-treatment steps. In Chapter 5,
we discussed the use of chitinase as a pre-treatment procedure that helps in breaking down
the helminth cell wall and thereby extracting the DNA. However, the current protocol that we
use has in total 4 pre-treatment steps (excluding the chitinase treatment) making it very
cumbersome. Therefore in the future, further standardizing of the DNA extraction procedure
is required that would help in reducing redundant steps and also make the procedure cost-
effective. For example, the use of chitinase in the DNA extraction process might help to cut
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down on the pre-treatment steps such as heat-shock and bead-beating (glass beads and bead
beater are expensive and the procedure may take approximately 15 - 20 min).
In addition to these factors, it is also possible that failure to pick a sample positive by PCR in
some cases might be due to base pair mismatch between primers and the primer binding site
due to possible polymorphisms.
4. Diagnostics - The Way Forward
Use of improved diagnostics for the detection of STH is vital not only to determine the
prevalence of infection caused by various STH species, but also to help monitor the
efficiency of MDA programs. The latter is important to determine whether the MDA program
has progressed as anticipated (long term impact) and in detecting emerging anthelminth
resistance (short term impact). In areas with moderate to high transmission rates of STH (i.e.
where the proportion of infected individuals is >20–>50%) WHO recommends community
diagnosis using the Kato-Katz technique. Where the prevalence of STH is <20%, the
sensitivity of this technique makes it less appropriate, and more sensitive tools should be used
such as PCR, Q-PCR etc. (WHO, 2008;WHO, 2011).
Furthermore, the microscopic techniques, currently used in many large-scale studies do not
help in identifying the type of species that are infecting humans. To this end, use of molecular
techniques using PCR and/or restriction enzymes would be of great help. With our study we
were able to successfully establish dogs as a reservoir because of the use of such specific
molecular techniques. Although molecular tools such as PCR-RFLP are beneficial in the
identification of STH species (Ngui et al., 2012a;Traub et al., 2008;Traub et al., 2004b), it has
certain limitations, as it does not allow quantification of the parasite load. As a future
initiative for diagnostics, we recommend the use of real-time PCR, as it has proven to be
more sensitive compared to microscopic techniques and allows to quantify infections
(Cimino et al., 2015), the latter being highly useful to determine the relative contribution of
the different STH species. In addition, as clearly seen in our study (chapter 5) we would
recommend the use of chitinase as pre-treatment procedure as it has proved to be an effective
procedure to successfully extract DNA from STH eggs.
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5. Future Initiative for Control of Zoonotic Transmission of STH infection
One-health Approach - Need of the Hour
The One Health approach emphasizes the importance of interdisciplinary efforts, reasoning
the relatedness of human, animal, and environmental health (Kahn, 2011;Karesh et al., 2012).
The essence of One Health approach is a collaborative, integrated and multidisciplinary
approach to improve health in all the three domains (public and animal health, and the
environment) rather than restrict our views and interventions to a single domain. A One
Health perspective is essential to reducing the huge economic, social and health impact of
zoonoses in developing countries. Findings from our studies provide the evidence on the role
of domestic animals in the transmission of STH, further emphasizing the One Health
approach for control of STH infections. However, on the other hand, the results presented in
this thesis also show that zoonotic transmission occurs very focal. This raises the question
whether it is actually advisable and realistic to immediately include animals in a mass drug
administration program without prior information on the occurrence of zoonotic transmission
in a particular setting. In settings like Jawadhu Hills, where we now know that zoonotic
transmission occurs, the local governance with help of veterinary department could take
initiative to either periodically deworm all the dogs in the village or sterilize them to reduce
the population of the dogs. While on one hand, in a new setting, the cost of first investigating
whether zoonotic transmission occurs is likely going to be higher in comparison to the costs
associated with a blank treatment of all animals. On the other hand, especially in a setting like
that of Jawadhu, deworming dogs would be a highly cumbersome. Dogs are not typically
confined within a boundary, deworming dogs would require collective effort from
government officials, veterinarians, para-veterinarians, dog capturers, community elders,
public health workers etc.
Independent on whether zoonotic transmission occurs, the spread of STH infection and
disease burden could be further controlled by a combination of the following interventions in
Jawadhu: (i) implementation of animal birth control program with support from Animal
Welfare Board of India.  (ii) captivating stray dogs with the help of dog capturers using the
sack and loop method (iii) periodically deworming the captive dogs under supervision of a
licensed veterinarian (iv) continued deworming (v) continued health education (vi)
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implementation of proper water, sanitation and hygiene practices. In a global context, the last
three are the most important and will be discussed in detail
5.1. Continued Deworming - Mass Drug Administration
School-based deworming is safe and cost-effective to treat millions of school children.
Deworming has been shown to reduce absenteeism in schools, improve learning outcomes,
and increase the quality of life (Nokes and Bundy, 1993;Theriault et al., 2014). The timely,
high quality, mass-based deworming program for children of pre-school and school age
children in India will drastically reduce the harm caused by parasitic worm infections in
millions of children in India. In 2016, the Ministry of Health & Family Welfare, Government
of India launched the first 'National Deworming Day' which is a massive school-based
deworming effort. This is a groundbreaking initiative focused on reducing the threat of
parasitic worm infections, a widespread health issue affecting over 241 million children in
India alone
In Jawadhu Hills, to control the spread of hookworm infection, the Department of
Community Health (CHAD), Christian Medical College and Hospital, Vellore started
providing primary health care services to about 100 villages in this region from 2008
onwards. The CHAD is also collaborating with the Tamil Nadu Health Systems Project to
deliver basic primary care services through mobile clinics. However given that the area lacks
safe drinking water and has poor sanitation facilities, the probability of re-infections are high,
and hence it would be interesting to monitor the efficiency of the deworming program more
than one annual cycle in order to tackle the re-exposures and re-infections in the population.
Control programs are successful only when the community is also involved, compile and
actively participates to all the control measures. Hence, in Jawadhu Hills, community
mobilization efforts should be undertaken by engaging community-based health workers and
other local institutions. In our efforts to draw interest of the people of Jawadhu Hills, we
discussed the findings of our study with the community members, the potential risk factors
and the way forward to the control of STH.
5.2. Health Education
Health education is crucial for most of the control and elimination programs for STH
infections (Campbell et al., 2014;Nicole, 2015).  Health education campaigns aim to enhance
the knowledge on disease transmission and prevention (Albonico et al., 1999). Health
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education can be delivered in different ways, such as formal trainings, provision of different
educational materials (e.g., posters, games, leaflets) or via mass media in form of news,
policy letters, skits or songs. In our study areas, while the study was conducted, as an ethical
and moral responsibility towards the community, the study team got involved in increasing
awareness towards STHs, by involving the village elders (Figure 6.1.), school authorities and
school children (Figure 6.2., 6.3.) into educational sessions.
Figure 6.1. Interactive health education with village people
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Figure 6.2. Study coordinator conducting health education to school children at Jawadhu
Hills
During these sessions we discuss the life cycle of  STH,  the  role  and  the effect  of
deworming programs, and the importance of WASH. We have also planned to provide
different educational materials to the community in order to reinforce the message of STH
control. As part of our future control strategy, we plan to continue such health education out-
reach programs that would help the people of Jawadhu Hills to be aware of various risk
factors. It would also be interesting to organize plays and other visual means of
communications to make such sessions more interactive and entertaining.
5.3. Water, Sanitation and Hygiene
Deworming programs alone will not be effective to eliminate STH infections on a long-term
basis in the absence of clean water, sanitation and hygiene (Ziegelbauer et al., 2012). In
Jawadhu Hills, due to the hilly terrain, provision of clean drinking tap water is difficult.
Therefore, people tend to rely on underground water and open bore wells, which due to lack
of sanitation and high number of freely roaming stray animals can be heavily contaminated.
Thus, whenever resources allow we shall supplement the deworming program with improved
access to clean safe water together with adequate sanitation and hygiene. However bringing a
change in the behavior of people in a Jawadhu Hills will be the biggest challenge and cannot
be achieved within a short period of time. It requires a long-term commitment from different
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sectors of governance such as village administrators, health sectors and political will, to
change the overall living standards and conditions of the community.
People in Jawadhu Hills are known to defecate in the open and this would only aid in further
transmitting STH infections in the community. Currently we are in plans to set up a model
village, wherein we would construct toilets accessible to all the residents in the village and
monitor the prevalence of STH before and after for a duration of over one year. In addition,
village would also be provided with clean and safe drinking water, and continued deworming
to reduce the disease burden in all the individuals.
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Figure 6.3. Health education to signify the importance of good sanitation and hygiene
practices
6. Conclusion
It is well established that STH infections are a public health problem. However while
addressing this problem, emphasis is placed only on the four (A. lumbricoides, T. trichiura, A.
duodenale and N. americanus) most common STH infections. In our study, we demonstrated
existence of animal STH species in humans and provided complementary insights into the
role of domestic animals in the transmission of STH infection in humans. Therefore, our
findings will provide broader perspectives for public health professionals and policy makers
to consider One-Health approach while planning for control of STH infections.
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Soil-transmitted helminths (STHs; Ascaris lumbricoides (roundworm), Trichuris trichiura
(whipworm) and Ancylostoma duodenale and Necator americanus (hookworms) pose an
important burden on public health word wide. Current efforts to control the impact of STH
infections involve the administration of anthelmintic drugs, often without prior diagnosis, to
high-risk groups in endemic areas (the so called mass drug administration programs).
However, it is essential to identify putative factors contributing to the spread of STH
infection to further improve the current control strategies. For example, animals (e.g. dogs
and pigs) also harbour a variety of round, whip and hookworm species, and there is
presumptive evidence that these animal STHs are transmittable, and hence causing patent
infections in humans. Although ignoring animals in the epidemiology of STH in humans may
jeopardize the success of the MDA programs, it remains unclear to what extent animals
contribute to infections in human. The overall objective of this PhD thesis is to gain insights
into the role of domestic animals in the transmission of STH infection in humans.
In Chapter 1 a review on the role of domestic animals in the transmission of STH infections
in humans is presented. This literature review focussed on (i) the epidemiology, (ii) the
clinical symptoms, (iii) the currently applied diagnostic techniques, (iv) the different control
strategies and (v) the role of domestic animals in the transmission of STH infections in
humans. The review indicates that majority of STH infections are caused by known human
STH species, while zoonotic STH can also cause STH infections in humans are often ignored.
This is because most of the studies use microscopic techniques, which fail to help determine
the type of  species causing infection. To this end molecular tools are more appropriate but
are rarely used because of lack of laboratory facilities and cost implications. In this Chapter
we discussed the various diagnostic techniques that are used for the detection and
enumeration of STH species. Finally, in this Chapter we discussed the current control and
preventive strategies against STH.
Chapter 2. It is generally assumed that hookworm infections in humans are caused by
Necator americanus and Ancylostoma duodenale. However, previous studies have also
reported the presence of the animal hookworm A. ceylanicum in human stool. We specified
hookworm infections in children in one tribal community in Tamil Nadu (southern India)
using a newly developed semi-nested PCR-RFLP approach. The results indicate that human
species account for a majority of the hookworm infections (N. americanus: 39/41, A.
duodenale: 6/41), whereas the animal hookworm A. ceylanicum only accounts for a minority
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of the infections (2/41). The results underscore the need to consider zoonotic ancylostomiasis
while developing strategies to control hookworm infections.
Chapter 3. To further explore the distribution of animal hookworms in tribal communities in
Tamil Nadu (southern India) we speciated a total of 143 isolates of hookworm eggs from
human stool collected from both children and adults from 9 communities. Each of these
isolates was speciated applying the PCR-RFLP described in Chapter 2. The presence of
hookworm DNA was confirmed in 119 of 143 human samples. N. americanus (100%) was
the most prevalent species, followed by A. caninum (16.8%) and A. duodenale (8.4%).
Because of the high prevalence of A. caninum in humans, dog samples were also collected to
assess the prevalence of A. caninum in dogs. In 68 out of 77 canine stool samples the
presence of hookworms was confirmed using PCR-RFLP. In dogs, both A. caninum (76.4%)
and A. ceylanicum (27.9%) were identified. Additionally to determine the contamination of
soil with zoonotic hookworm larvae, topsoil was collected from defecating areas. Hookworm
DNA was detected in 72 out of 78 soil samples that revealed presence of hookworm-like
nematode larvae. In soil, different hookworm species were identified, with animal
hookworms being more prevalent (A. ceylanicum: 60.2%, A. caninum: 29.4%, A. duodenale:
16.6%, N. americanus: 1.4%, A.brazilienze:1.4%). In our study we regularly detected the
presence of A. caninum DNA in the stool of humans. Whether this is the result of infection is
currently unknown but it does warrant a closer look at dogs as a potential reservoir.
Chapter 4. In the previous chapters we have seen the role of domestic animals in the
transmission of hookworm infections in humans. To further explore the possibility of
zoonotic transmission not only for hookworm but also for Ascaris and Trichuris we speciated
207 STH isolates from stool collected during six multi-centric drug efficacy trials conducted
in Brazil, Cambodia, Cameroon, Ethiopia, Tanzania and Vietnam applying novel or existing
PCR/RFLP based approaches. DNA of Ascaris was detected in 71 (34.2%) samples, of which
all were identified as the human roundworm A. lumbricoides. In 87 (42.0%) samples, DNA of
Trichuris spp. was found and further speciation demonstrated the presence of the human T.
trichiura (100%) and the canine T. vulpis (3.3%). Hookworms were identified in 87 (42.0%)
samples, with N. americanus (57.4%) being the predominant species followed by A.
duodenale (31.5%). Our study indicates that STH infections in humans are predominantly
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caused by human STH species, and that the distribution of both human hookworms and
zoonotic STH infections varies considerable across geographical areas.
Chapter 5. A low success rate for PCR amplification is often observed in molecular studies
involving STHs (see previous chapters). Two potential reasons for this low success rates are
the presence of PCR inhibitors and the poor recovery of DNA due to the poor lysis of the
shell of the eggs. In the present study we tested the hypothesis that an additional chitinase
treatment prior DNA extraction would increase the DNA yield. To this end, 10 human stool
samples containing eggs of Ascaris (n  = 10) and Trichuris (n = 7). The additional chitinase
treatment significantly improved the detection of DNA applying PCR. When samples were
treated with chitinase both STH species were detected in all samples, whereas this was only
the case in any of the 10 samples for Ascaris and 3 out of 7 samples for Trichuris.
In Chapter 6, we consolidated insights from all the Chapters and proposed a plan on how to
improve diagnosis and monitor the efficacy of control programs of STH in Jawadhu. To this
end, we described the limitations of diagnostic techniques that we used for our studies and
how to overcome these limitations. Second, we provided suggestions on how to improve
current control measures through MDA, WASH (water, sanitation and hygiene) and
education. Finally, we outline various strategies as part of future initiative for the control of
STH infection in Jawadhu Hills that would aim to provide broader perspective for public
health professionals  and policy makers to consider One-Health approach while planning for
control of STH infections.
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Worminfecties veroorzaakt door Ascaris lumbricoides (spoelworm), Trichuris trichura
(zweepworm), en Ancylostoma duodenale en Necator americanus (de haakwormen)
beïnvloeden in grote mate de volksgezondheid in zowel tropische als tropische landen. Om
deze wormen te bestrijden worden grootschalige ontwormingsprogramma’s toegepast,
waarbij risicogroepen, vaak zonder voorafgaande diagnose, een ontwormingsmidel worden
toegediend. Om de huidige controle strategieën te verbeteren, is identificatie van alle
mogelijke factoren die bijdragen tot de verspreiding van worminfecties van cruciaal belang.
Bijvoorbeeld, verschillende spoel-, zweep-, en haakwormen zijn ook beschreven bij dieren
zoals hond en varken, en er zijn sterke indicaties dat deze dierlijke wormsoorten ook patente
infecties kunnen veroorzaken bij de mens. Hoewel de dieren dus een potentiële rol hebben in
de epidemiologie van worminfecties bij de mens, en ze dus ook het succes van de
ontwormingsprogramma's in gevaar kunnen brengen, blijft het onduidelijk in welke mate de
dieren bij dragen tot worminfecties bij de mens. Het algemene doel van dit proefschrift is om
inzicht te krijgen in de rol van dieren in het verspreiden van worminfecties bij de mens.
In Hoofdstuk 1 bespreken we de rol van de dieren in het verspreiden van worminfecties bij
de mens. Deze literatuurstudie richt zich op (i) de epidemiologie, (ii) de klinische
symptomen, (iii) de huidige diagnostische technieken, (iv) de verschillende controle
strategieën en (v) de rol van de dieren in het verspreiden van worminfecties bij de mens. De
literatuur geeft aan dat de meerderheid van worminfecties worden veroorzaakt door humane
wormsoorten, maar dat het voorkomen van dierlijke wormen bij mensen vaak niet kan
worden uitgesloten. Dit is omdat de infecties voornamelijk werden opgespoord aan de hand
van microscopisch aantonen van wormeieren in de stoelgang, een techniek die geen
onderscheid kan maken tussen humane of dierlijke worminfecties. Daartoe zijn moleculaire
technieken meer geschikt, maar deze worden tot op heden zelden gebruikt.
Hoofdstuk 2. Het wordt algemeen aangenomen dat haakworminfecties bij de mens worden
veroorzaakt door Necator americanus en Ancylostoma duodenale. Meer recente studies tonen
echter infecties aan met de dierlijke haakworm A. ceylanicum. Met behulp van een nieuw
ontwikkeld semi-nested PCR-RFLP protocol determineerden we haakwormen bij kinderen
(eieren in stoelgang) van een tribale gemeenschap in Tamil Nadu (Zuiden van India). De
meerderheid van de haakworm infecties werden veroorzaakt door humane wormsoorten (N.
americanus: 39/41, A. duodenale: 6/41), enkel in een kleine minderheid werd ook de dierlijke
A. ceylanicum teruggevonden (2 / 41). De resultaten bevestigen de noodzaak om dier-mens
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overdracht op te nemen bij het ontwikkelen van controle strategieën voor haakworminfecties.
Hoofdstuk 3. Om het belang van dier-mens overdracht verder te onderzoeken
determineerden we een totaal van 143 bijkomende isolaten van haakwormeieren van zowel
kinderen als volwassenen uit 9 tribale gemeenschappen. Elk van deze isolaten werd
gedetermineerd aan de hand van de moleculaire technieken beschreven in Hoofdstuk 2. De
aanwezigheid van haakwormen DNA werd bevestigd in 119 van 143 isolaten. N. americanus
(100%) was de meest voorkomende soort, gevolgd door A. caninum (16,8%) en A. duodenale
(8,4%). Vanwege de hoge prevalentie van de dierlijke haakworm A. caninum, werden ook
honden bemonsterd om het voorkomen van A. caninum te bepalen. In 68 van de 77 honden
werd aanwezigheid van haakwormen DNA bevestigd met behulp van de moleculaire
technieken. Bij honden werden zowel A. caninum (76,4%) en A. ceylanicum (27,9%)
gedetermineerd. Om de verontreiniging van de bodem met dierlijke haakwormen te bepalen
werd grond verzameld op plaatsen waar mensen defeceren. DNA van haakwormen werden
opgespoord in 72 van de 78 grondstalen. In de bodem werden verschillende haakworm
soorten geïdentificeerd: A. ceylanicum (60,2%), A. caninum (29,4%), A. duodenale (16,6%),
N. americanus (1,4%) en A. braziliense(1,4%). De aanwezigheid van A. caninum DNA in de
ontlasting van mensen was verrassend. Hoewel, we niet kunnen aantonen dat dit patente A.
caninum infecties zijn, vraagt dit resultaat bijkomende onderzoek naar de rol van honden als
een reservoir voor worminfecties bij de mens.
Hoofdstuk 4. In de voorgaande hoofdstukken werd bevestigd dat dieren een belangrijke rol
kunnen spelen in de transmissie van haakworm infecties bij de mens. Om de mogelijkheid
van zoönotische transmissie, niet alleen voor haakwormen, maar ook voor Ascaris en
Trichuris te onderzoeken werden 207 stoelgangstalen die positief testten op wormeieren
onderzocht aan de hand van PCR-RFLP. Deze stalen werden verzameld in Brazilië,
Cambodja, Kameroen, Ethiopië, Tanzania en Vietnam. Ascaris DNA werd gedetecteerd in 71
(34,2%) monsters, waarvan alle behoorden tot menselijke spoelworm A. lumbricoides. In 87
(42,0%) isolaten werd Trichuris DNA teruggevonden. Verdere determinatie toonde de
aanwezigheid aan van de menselijke T. trichiura (100%) en de dierlijke T. vulpis (3,3%).
Haakwormen werden gedetermineerd in 87 (42,0%) stalen, met N. americanus (57,4%) de
meest voorkomende soort, gevolgd door A. duodenale (31,5%). De studie toont aan dat
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worminfecties bij de mens voornamelijk worden veroorzaakt door humane wormsoorten, en
dat de verdeling van zowel mens en dierlijke wormsoorten sterk varieert tussen geografische
gebieden.
Hoofdstuk 5. In verschillende studies, inclusief deze beschreven in Hoofdstuk 2, 3 en 4,
werd een grote discrepantie waargenomen tussen microscopische technieken en PCR:
verschillende isolaten vertoonden geen PCR-amplificatie waar met microscopie eieren
werden teruggevonden. Deze verschillen tussen microscopische en moleculaire technieken
kunnen op 2 manieren worden verklaard: de aanwezigheid van PCR-remmers of de lage
hoeveelheid DNA als gevolg van het onvoldoende breken van de schaal van de wormeieren.
We onderzochten of we de DNA opbrengst kunnen verhogen door een aanvullende
behandeling met het enzyme chitinase (eischaal bevat een grote hoeveelheid chitine). We
gebruikten hiervoor 10 stoelgangstalen die eieren van Ascaris (n = 10) en Trichuris (n = 7)
bevatten. De aanvullende chitinase behandeling verbeterde aanzienlijk de detectie van DNA
met behulp van PCR. Als stalen werden behandeld met chitinase werden beide wormsoorten
gedetecteerd in alle stalen, terwijl dit alleen het geval was in één van de 10 stalen voor
Ascaris en 3 van de 7 stalen voor Trichuris wanneer stalen niet met chitinase werden
behandeld.
In hoofdstuk 6, vatten we de verschillende nieuwe inzichten uit alle hoofdstukken samen, en
bespreken we hoe de diagnose en de controle strategieën van worminfecties in tribale
gemeenschappen in Zuid India kunnen verbeteren. Daartoe beschrijven we de beperkingen
van diagnostische technieken die we voor onze studies gebruikten en wat we in de toekomst
anders zouden doen. Ten tweede, maken we suggesties hoe de huidige controle strategieën
kunnen aangevuld worden met WASH (water, sanitatie en hygiëne) en onderwijs. Dit laatste
doen we in het kader van een toekomstige initiatief voor de bestrijding van worminfectie bij
tribale gemeenschappen in Zuid India.
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